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FOBtSPRO 


Ourinx  lK;'  last  few  years  considerable  advances  have  been  aai'.e  over  the  whole  ranee  of 
ccoponents  U'“d  in  radar  systeas  and  a  nuaber  of  iepcrtxnt  new  devices  have  arrived  on  the 
scene 

These  nev.-iopaents  have  not  only  led  to  the  realisation  of  aany  systea  techniques  that 
until  recently  have  existed  only  in  theory  but  they  have  also  Introduced  a  number  of  import¬ 
ant  new  principles. 

:t  was  in  order  to  provide  an  opportunity  to  hear  about  and  discuss  these  new  advances 
that  the  Avion;.*  Panel  of  AGARD  decided  to  devote  Sts  XIXth  Technicr-l  Syspcsiua  to  this 
topic.  3S  papers  were  presented  to  U<>  participants  end  a  nuaber  of  lively  and  informative 
discussions  ensued.  The  plan  of  these  proceedings  follows  the  conference  procrane  and  the 
records  of  the  discussions  appear  isnediately  after  the  relevant  raper. 

The  xettint  cotetner  and  selection  of  the  papers  involved  a  csnsideraole  aoount  of  work 
and  1  aa  indebt-u  to  the  Prograaee  Committee  for  its  effort.  In  particular.  1  gratefully 
acknovledce  the  h-lp  fiven  by  Hr  J.Si.Bloon.  Professor  D.Bosaaa.  Professor  a.  Carpentler. 

Mr  J. Freedman.  '.  r  P.Gna-i  and  Professor  Dr  G.Blbrlcbt. 


Boqer  Vo its 

Programme  Chairman  and  Editor 
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TECHNICAL  EVALUATION  REPORT 
ON- 

ADVANCED  RADAR  SYSTEMS 
A.K.Edear* 

i.  INTRODUCTION 

This  XIXth  Technical  Symposium  on  "Advanced  Radar  Systems"  »as  organised  by  the  Avionics  Panel  of  AGARD. 

It  was  held  at  the  Grand  Hotel.  Tarabya.  Istanbul.  Turkey  between  25th  and  29th  May.  1970.  The  Progres  Committee 
■as  chaired  by  Mr  R. Voles.  This  report  is  an  evaluation  and  assessment  of  the  scientific  and  technical  content 
of  the  meeting  and  aiired  at  assisting  AGARD  in  planning  follow-on  activities  and  future  meetings. 

The  Program  Committee  is  to  be  congratulated  on  providing  a  well  balanced  and  valuable  program  concerning 
subjects  of  vital  concern  t->  any  radar  system  designer.  The  subject  matter  was  covered  under  the  headings  of. 

(a)  Clutter  and  Targets. 

(b)  Micro-wave  Sub-systems, 
f c>  Signal  Processing. 

(d)  Data  Processing, 

(e)  Systems. 

) 

This  report  is  arranged  under  the  sage  headings. 


2.  SESSION  I  -  CLUTTEat  ANQ  TARGETS 

There  were  10  papers  in  this  Session.  6  on  measurements  of  returns  from  clutter  (sea,  ground  and  precipitation) 
and  aircraft  and  4  theoretical  papers  on  a  variety  of  topics.  The  opening  paper1  reported  on  airborne  measure¬ 
ments  and  returns  from  the  sea  under  high  wind  and  wave  conditions.  These  measurements  were  made  to  test  the 
predictions  of  a  model  for  the  radar  cross-sections  of  sea  returns  end  gave  good  agreeaent  for  vertically  polarised 
radiation,  although  figures  greater  than  predicted  were  obtained  for  horizontally  polarised  radiation.  The 
follow-up  paper  on  results  under  less  extreme  conditions  will  be  awaited  with  interest.  Paper  2  discusses  results 
oh  returns  .rom  ground  and  precipitation  clutter  with  a  10  cm  surveillance  radar.  These  results  were  presented  in 
the  form  of  probability  distribution  curves  for  the  radar  cross-section  per  resolution  cell  and  for  ground  clutter 
showed  a  log-normal  shape.  After  suitable  processing  to  remove  the  terrain  factor,  the  probebility  distributions 
of  the  resulting  signals  from  different  sites  showed  similar  characteristics.  Paper  3  suggested  a  new  model  for 
the  calculation  of  the  mean  doppler  speed  and  standard  deviation  of  the  velocity  spectrum  cf  rain  clouds.  The 
second  part  of  the  paper  described  a  portable  instnmsent  for  the  measurement  of  clutter  spectra  and  gave  sore 
results  obtained  with  It.  Paper  4  reported  on  measurements  of  radar  angels.  It  gave  interesting  results  with 
B-scope  displays  and  correlated  the  pattern  of  echoes  with  insect  and  bird  behaviour.  Von  Scblacti5  reported  on 
the  amplitude  and  phase  shift  of  echoes  over  one  scan  from  a  variety  of  targets  using  a  digital  recording  system 
and  from  repeated  measurements  gave  both  mean  values  and  fluctuations  for  different  types  of  targets  for  both 
topi it  ode  and  doppler  frequency,  over  one  scan  and  over  a  large  number  of  scans.  The  last  paper4  from  ASWE. 
Portsmouth,  discussed  the  effects  of  frequency  agility  on  aircraft  using  a  C-band  radar.  They  measured  the  root 
mean  square  pulse-to-pulse  fluc.tcation  for  a  Sea  Hat*  and  a  Comet  for  different  frequency  changes.  For  a  Sea 
Hawk  the  aaximum  r.m.s.  value  was  6dB  for  a  13  MHz  shift,  whereas  the  returns  from  the  Comet  were  decorrelated 
at  a  fixed  frequency. 

Pour  theoretical  papers  followed.  The  first7  by  Sterling  modified  the  "Sterling  models"  to  include  broader 
families  of  models  whose  statistical  behaviour  is  governed  by  ebl-square.  loc-noraai  and  Sice  distributions. 

It  gives  a  brief  discussion  on  the  significance  of  various  target  models  for  various  types  cf  receiver  processing. 
Paper  6  deals  with  amplitude  comparison  monopulse  radar  in  a  cluttered  environment.  The  generalised  likelihood 
ratio  test  Is  used  to  derive  the  detection  and  parameter  estimation  strategy  for  the  radar  receiver.  Expressions 
for  the  detector  and  angle  estimates  are  derived  for  a  number  of  cases.  Per  the  conventional  sub  and  difference 
beam-case,  an  approximation  to  the  likelihood  receiver  is  derived  and  shown  tc  be  a  auch  more  easily  realisable 
structure.  Paper  7  deals  with  tracking  errors  in  a  frequency  agile  system.  It  concludes  that  frequency  agility 
giyes  a  reduction  of  tracking  errors  for  a  aoocpulse  radar.  With  conical  scan,  while  the  glint  error  is  always 
reduced  the  scintillation  error  say  be  increased.  Paper  10  by  Ribaczek  discusses  the  significance  of  coherent 
and  incoherent  bandwidth  in  radar  resolution. 


3.  SESSION  II  -  MICROWAVE  SUB-SYSTEMS 

Leake,  Hulas  and  Scba<ttn  produced  an  interesting  p*oer  covering  microwave  integrated  circuits  allowing 
planar  integration  of  magnetic  system  functions,  they  11’.  it rated  designs  for  phase  shifters,  switches  and 

•  Superintendent  of  the  SR  mid  ATC  Group  of  t be  Royal  Radar  Establishment  of  the  Ministry  of  Technology.  OK.  Assisted  by 
U.P.Xardeo  also  of  the  Mt 
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circulator*  ami  showed  a  gur.  oscillator  Uoppler  radar  on  a  3  cm  by  3  cm  composite  ferrite  chip.  This  paper  s»i 
a  l.«i>r  paper1'  by  sterzer  *111  bo  ol  Interest  to  engineers  concerned  with  phased  arrays.  Stcrzor  describes 
solid  stnte  microwave  sources  of  P  max  30  w  at  L-bund  with  -10%  efficiency  and  15  watts  at  S-band. 

Pierrot : ‘  discussed  the  cocputer  design  of  radcees  giving  very  good  agreement  between  theory  and  practice. 

Th«  atm  is  to  optimise  the  design  for  given  electro-magnetic  aero-dynaaic  and  mechanical  illustrations. 

Papers  14  and  15  cover  systems  using  electronic  scanning.  The  former  describes  a  process  of  space  scanning 
by  an  array  in  which  the  radiation  pattern  is  time  modulated  using  t  bit  (0  =  it)  phase  shifters.  From  the  energy 
point  of  view  there  is  a  loss  of  about  3dB  iu  the  best  case.  Paper  15  described  a  radar  system  with  flood-lighting 
and  Nyquist  rate  scanning  at  S-Uand.  It  giver  the  possibility  of  good  M.T.  1.  performance  combined  with  a  very 
high  data  rate,  a  combination  not  possible  with  non-floodlighting  systems.  This  type  of  system  uses  energy 
efficiently  out  calls  for  more  complex  data  processing.  Robinson14  points  the  way  to  highly  competitive  phased 
array  radar  designs  and  sugaests  that  recent  technology  trends  will  provide  cost  effective  solutions.  He  suggests 
that  there  is  a  future  for  time  and  frequency  sharing  of  phased  arrays  between  a  multiplicity  of  systems,  particu¬ 
larly  In  aircraft,  spacecraft  and  ships.  Simpson20  also  forecasts  a-,  increasing  impact  for  phased  arrays  s= 
lightweight  systems  for  the  battlefield  and  in  aircraft.  He  describes  a  eery  compact  X-band  airborne  weather 
radar  for  aircraft  scanning  t45°,  the  sector  scanned  being  selected  by  tl>#  pilot. 


4.  SESSION  III  -  SIGNAL  PROCESSING 

Papers  in  session  III  on  Signal  Processing  covered  pulse  compression,  correlators  and  M.T.  I.  systems. 

Forestier  and  Chevalier22  described  a  system  combining  pulse  compression  and  correlation  giving  an  output 
requiting  narrower  video  bandwidthn  than  the  conventional  pulse  compression  radar.  Herring*3  gate  an  excellent 
paper  on  dispersive  networks  and  highlighted  the  practical  problems.  He  gave  examples  covering  bandwidth*  up 
to  500  MHz. 

Papers  24-3!  covered  digital  correlators  and  M.T.I.  systems  in  digital  or  hybrid  form,  fe  make  no  ottemjt 
to  suwwise  individual  papers  but  would  point  out  that  the  whole  session  makes  valuable  reading  f«-  workers  in 
the  signal  processing  field.  A  general  observation  is  that  signal  processing  techniques  are  aiding  at  greater 
efficiency  by  taking  advantage  of  new  technology.  The  net  result  is  s  more  complex  system  which  would  not  have 
been  possible  with  analogue  circuitry. 


5.  SESSION  IV  -  DATA  PROCESSING 


there as  in  the  past  circuits  and  techniques  have  been  the  life-blood  oi  the  radar  system,  data  processing  is 
wc*  of  equal,  or  perhaps  greater,  importance.  This  change  is  reflected  in  Session  IV  where  the  ewpbaiiis  iu 
system  is  on  the  computer  and  digital  processes  within  the  radar.  Paper  32  discusses  this  cl  -Age  in  some 
detail.  Digital  or  cowuter  control  may  include  beam  positioning,  target  acquisition,  tracking  and  the  operation 
of  teat  and  diagnostic  prograates.  It  points  out  that  while  hardware  coats  are  reducing  there  has  been  s  large 
increase  in  programming.  which  is  now  a  major  item  in  system  development. 


In  Paper  33  Bijvoet  discusses  the  merits  of  computer  control  .’or  a  search  track  radar  with  full  or  partial 
electronic  scanning.  He  concludes  last  computer  control  systems  oust  be  exploited  to  the  full  to  proviac  coat 
effective  radars  having  acceptable  volume  cover  and  shows  that  very  narrow  pencil  beam  radars  (typlcsl.y  T  *  1  ’ 
with  their  advantages  in  tracking  accuracy  and  clutter  rejection  can  be  effective  in  the  surveillance  mede. 


Ebert3*  gave 


Papers  3G  and  37  deal  with  tracking  strategy  and  logic,  mainly  from  a  theoretical  viewpoint, 
a  most  interesting  paper  on  a  digital  plot  extractor.  His  system  correlates  primary  and  secondair  signals  and 
allows  display  information  to  be  carried  on  two  or  three  3  KHz  telephone  cables.  The  detection  process 
sliding  window  integration  and  clutter  suppression  circuits  aimed  at  giving  a  substantial  rain  clutter  reduction 
for  a  system  loss  in  sensitivity  of  about  0.6dB. 


Paper  33  by  Salt  describes  an  experimental  noise  radar  -  RtDAX  -  in  which  the  noise  spectrum  is  emitted  vis 
a  dispersive  antenna  to  spread  the  transmission  In  szisutb.  Reception  via  suitable  matched  filters  provides 
angular  information  while  range  is  given  by  a  correlation  technique.  A  range  accuracy  of  the  order  of  1  meter 
and  a  resolution  of  about  30  meters  are  claimed. 


Trials  of  a  terrain  avoidance  radar  for  helicopter*  are  described  by  Collet'  .  It  operates  at  35 
a  pulse  width  of  0.2  ;.S.  Urge  obstacles,  hills,  pylons,  and  power  cables  are  indicated,  although  in  the  latter 
esse  indication  is  not  continuous  along  the  cable  length.  Toe  display  is  easy  to  interpret  and  enables 
pilot  to  avoid  obstacles  by  change  of  direction  or  by  alteration  of  flight  level. 


In  the  final  paper*2  Kerr,  Ministry  of  Defence.  W,  presented  a  cost  affectiv  new  study  of  an  Airborne 
Early  Warning  System.  On  the  assumption  that  poor  low  level  cover  from  ground  bated  tcneillancs  systew  vm 
be  exploited  by  the  enemy  he  shows  that  there  are  significant  advantages  to  be  obtained,  operatJoaally  - 
economically,  by  adopting  an  A.E.w.  system.  He  suggests  that  enemy  action  by  physical  sttack  or  -c.*.  tech¬ 
niques  do  not  negate  the  significant  advantages  of  such  s  system. 
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6.  CONCLUSIONS 
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Tht«  Syapoaiua  on  “Advanced  Radar  Systems"  gave  tha  impression  of  steady  progress  rather  than  spectacular 
improvements  -  indeed,  this  is  to  be  expected  at  this  stage  in  radar  development.  While  tha  papers  presented 
covered  almost  the  whole  field  o l  radar  techniques  there  a as  greatest  emphasis  on  the  problems  that  would  arise 
with  automatic  radar  should  thes-  become  passible.  Tbus  the  -a at i sties  of  clutter  and  techniques  of  eliminating 
unwanted  signals  due  t->  terrain,  precipitation  and  Angels  were  always  to  the  forefront,  both  in  signal  processing 
and  in  data  processing.  It  was  clear  that  the  ultimate  goal  would  be  reached  only  by  optimising  system  designs 
at  all  stages  and  ease  of  maintenance  and  reliability  point  to  digital  processing  cs  the  desirable  solution. 

Several  papers  emphasised  the  reduction  in  sire  and  cost  of  components  for  phased  arrays  and  showed  that,  with 
their  application  to  radar,  systems  could  be  economically  viable.  Nevertheless,  there  was  the  warning  that  costs 
for  an  overall  system,  since  most  systems  must  include  some  degree  of  computer  control  or  processing,  are  in 
danger  of  rising  because  of  the  increasing  associated  software  costs. 

Overall,  a  very  worthwhile  Symposium  that  provided  a  valuable  exchange  of  information. 
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RADAR  SEA.  RETURN  IN  HIGH  WIND/WAVE  CONDITIONS 

Norman  W.  Gulnard  &  John  T.  XtntoM,  Jr. 

Naval  Rataarch  Laboratory 
Washington.  D.C.  20390 

SUMMARY 

Recently,  scientists  working  in  both  tha  United  States  end  the  Soviet  Union  have  developed  e  new 
model  lor  the  RCS  of  the  see  which  le  besed  on  the  scattering  from  a  composite  surface,  the  model  pre¬ 
dicts  an  upper  bound  (saturation  value)  for  the  RCS  and  also  yields  expressions  for  Its  variation  with 
frequency,  polarisation  and  grating  angle.  To  verify  the  predictions  of  the  model  under  extreme  condi¬ 
tions,  an  extensive  wcsourement  program  was  conducted  over  the  North  Atlantic  In  February  1969  using 
the  KAL  Four-Frequency  Radar  System  Installed  in  an  EC-121  aircraft.  Data  were  acquired  in  see  states 
with  winds  which  varied  from  Beaufort  0  to  8  with  a  mtxlsum.  observed  see  state  condition  of  a  48-knot 
wind  with  26-foot  SVH,  The  results  of  the  measure?^*:  have  verified  'he  existence  of  the  saturation 
condition  for  wind  speeds  above  10  Knots  as  well  as  toe  variation  of  the  RCS  with  frequency,  polarisation 
and  grating  angle  with  the  proviso  that  the  tilting  of  the  scattering  surface  by  the  swell  be  accounted 
for  in  the  interpretation. 

1.  INTRODUCTION 

In  February  1969,  the  Naval  Research  laboratory  bated  Its  Four-.-requency  Rader  (4FR)  System,  which 
Is  e  laboratory  type  measurement  radar  installed  lu  aa  EC-17.1  (Super  Constellation)  aircraft.  In  Shannon, 
Ireland,  for  the  purpose  of  collecting  radar  return  date  In  the  high  sea  states  which  are  characteristic 
of  the  North  Atlantic  Ocean  In  the  winter  months.  The  experiment  was  extremely  su.cetsful.  Ir  the 
first  three  weeks  of  the  swnth,  nine  missions  were  flown  to  Ocean  Stations  India  (59*N,  19*V)  *>  v  Juliet 
(S2.5*N,  20*W)  and  on  seven  of  these,  winds  In  excess  of  20  knots  were  observed  with  a  maximum  wind /'wave 
condition  of  48  knots  vlndspeed  combined  with  e  26-foot  significant:  wave  height  occurring  on  11  February. 
Thera  were  three  primary  reasons  for  undertaking  sn  experiment  of  this  magnitude  to  document  the  be¬ 
havior  of  radar  return  from  high  sees.  Its.  first  was  to  satisfy  the  requirement  generated  by  the  con¬ 
tinuing  development  of  long-range  ocean  surveillance  systems  which  have  made  the  description  of  clutter 
backgrounds  in  terms  of  typical  and  worst  case  condi ti- is,  an  Increasingly  Important  feature  of  system 
specifIcr’-V'  and  design.  The  second  was  the  desire  ti-  measure  the  variation  of  the  Rader  Cross  Section 
.  -CS j  o  tje  "i  vtt t\  lccseasinq  rwjhness  tc  detank  <v-  r'<*  range  over  which  active  radar  could  be 
expect:..  eo.it,'  y  se.-s  *  *  fi'* ’*  a'd  .•„>*«.  The  finel  reason  was  the  continuation  of 

*  s*  .tv;  u.-  Urn  tm:  composite  *•  »-.*  -v. ' . t  for  tea  clutter  whose  predictions  required  verification  under 

the  extrsoe  scattering  conditions  found  in  the  higher  sea  states.  Since  the  new  model  provides  a 
theoretical  basis  from  which  both  the  worst  case  clutter  condition  and  the  behavior  of  the  RCS  with 
Increasing  roughness  may  be  Inferred,  it  offers  a  convenient  starting  point  in  the  discussion  of  the 
high  sea  state  maasormntnt. 

Tm  -  joif-l  ,-bf  .a  has  Uaen  formulated  by  Wright  (1)  and  Independently  by  Bass,  Fuks  et  el  (2)*  Meats 
the  energy  back# tattered  from  the  ;e«  surface  at  angles  where  reflection  from  facets  oriented  nearly 
normally  to  the  l.'-idrit  rsdlatitn  is  aeg'igiblo.  Tils  model  views  the  surface  ec  a  composite  similar 
to  thtt  studied  by  Jssiuov  (J)  sr-J,  is  shown  lu  Figure  1,  it  consists  of  large  swells  on  which  era  super¬ 
imposed  smeller  -•*«•»  structure.  TV  •-■seller  structure,  in  turn,  la  made  up  of  short  gravity  and 
capillar,  ’javr*  . .  .•.»  w’len  taker  .j.,*tUr,  coarrise  the  scattering  surface  while  the  effect  of  the 
underlying  twU  is  to  produce  «  ,:.-*tiug"  of  the  scattering  surface  and  thus,  modify  the  apparent 
direction  cc  the  incident  signal,  in  the  determination  of  the  cross  section,  the  presence  of  the  swell 
is  temporarily  neglected  and  Che  energy  back-scattered  from  the  email  scale  structure  calculated.  This 
procedure  used  by  Wright  (1)  para.-els  the  work  of  Rio.  (4),  Packs  (5)  end  Valenzuela  (6)  In  chat  It 
utilises  the  concept  of  scattering  frerr  a  elightly  sough  surfaca,  i.e,,  one  whose  height  variations  art 
small  compared  to  the  incident  wavelength  end  whose  slopes  are  smell  compared  to  unity.  The  energy 
scattered  by  the  surface  it  determined  by  perturbation  techniques  end  is  found  to  be  directly  propor¬ 
tional  to  the  two-dimensional  energy  density  ipectrx*  of  the  surface  height  variations  and,  also, 
functionally  releted  to  the  wavelength,  polarization  and  direction  of  the  Incident  energy,  the 
scattering  direction  end  the  complex  dielectric  constant.  To  modal  tba  sea  return  using  this  approach, 
the  energy  density  spectrum  of  the  height  variations  of  a  vind-ge oersted  sea  is  specified  or  measured 
and  the  energy  scattered  In  the  Incident  direction  calculated  for  the  desired  transmission  paras* tars 
and  dielectric  constant.  The  RCS  is,  then,  determined  In  the  conventional  manner  fren  the  ratio  of  the 
scattered  and  Incident  powers. 

The  calculation  it  simplified,  since,  as  Rice  (4)  has  shewn,  if  a  random  slightly  rough  surface  is 
decomposed  by  Fourier  techniques,  only  those  component?  whose  wavelength  satisfies  the  Bragg  scattering 
condition  established  by  the  wavelength  end  direction  ot  the  incident  radiation  are  effective  In  the 
backscatterlog  process.  Wright  (7)  has  confirmed  this  result  in  wave  tank  seasuraewnts  of  radar  scatter 
from  mechanically  generated  sinusoidal  ve'tr  waves.  A  further  simplification  rezults  if  an  upper  bound 
on  the  RCS  Is  desired.  Phillips  (8)  has  defined  the  Equilibrium  Range  Spectrum  as  that  portion  of  the 
sea  spectrum  in  which  waves  have  been  developed  to  a  height  which  is  limited  by  gravitational  constraint*. 
If  the  Phillip's  spectrum  (there  ere  other  options)  is  used  as  a  specification  of  surface  roughness,  then 
the  existence  of  the  maximum  wavs  height  condition  results  in  the  determination  of  an  upper  limit  in  tlx* 
RCS  of  the  sea  for  a  given  set  of  Illumination  parsneters. 

the  Sea  Clutter  Model  which  remits  from  these  considerations  has  three  interesting  characteristics 
which  may  be  verified  experimentally;  first,  It  predicts  naturally  the  variation  of  the  normalized  RCS 
of  the  sea  with  respect  to  the  wavelength,  polarization  and  direction  of  the  Incident  e'wrgy;  secondly, 
it  relates  the  scattering  cross  section  directly  to  ocean  spectra  whose  growth  and  decay  rates  have  been 

*The  bibliography  of  Reference  2  contains  an  excellent  compilation  of  Russian  efforts  in  the 
development  of  the  rode I. 
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widely  staled,  and,  thirdly,  ?<-r  aitiwtiona  in  which  the  scattering  i3  produced  by  waves  located  In  tbs 
Equilibrium  Range  of  the  Ocean  Spectrum,  It  predicts  an  upper  limit  cr  saturation  condition  for  the 
backscattured  enorgy  similar  to  that  observed  by  Kerr  (9).  Consequently,  a  study  wnn  undertaken  to 
starlfy  and  expand  the  model  by  collating  its  predictions  with  cross  section  data  obtained  by  the  4FR 
System  under  a  wide  variety  of  Illumination  parameters  under  various  sea  conditions,  before  continuing 
with  the  results  of  the  collation,  a  brief  review  of  the  4FR  System  and  Its  calibration  procedures  will 
be  presented  olnce  its  characteristics  and  the  accuracy  of-  the  calibration  impose  constraints  on  the 
cross  section  measurements  and  their  interpretation, 

2.  TIE  MEASUREMENT  STSTEM 

The  4FR  System  is  an  airborne  coherent  pulsed  radar  which  is  capable  of  transmitting  &  sequence  of 
four  frequencies,  X  band  <8910  MHz),  C  band  (4455  MHz),  L  band  (1228  MHz),  and  P  band/UHF  (428  MHz) 
alternately  on  horizontal  and  vertical  polarization.  The  dual  polarized  operation  It  achieved  by 
switching  the  transmitters  between  horizontally  end  vertically  polarized  feeds  In  the  antenna  system. 

The  4FR  antenna  system  is  composed  of  four  antennas  which  are  mounted  In  pairs  beck  to  back.  One  pair, 
the  X*  and  C-band  antennas,  are  circular  parabolas  which  have  a  conmon  borealte  and  have  equal  beam* 
widths  so  that  they  illuminate  equal  areas.  While  the  cthor,  the  1-  a. si  P-baod  antennas,  ere  inter* 
mixed  crossed  dipole  arrays  with  a  common  boresite  but  unequal  beamwldths  so  that  the  area  illuminated 
by  the  p-band  antenna  includes  that  Illuminated  by  the  L-bcnd  antenna.  In  operation,  the  4PR  System 
alternates  Its  transmissions  In  the  sequence  shown  In  Figure  2.  The  minimum  period  cf  the  alternations, 
t.  Is  170  microseconds  while  the  period,  7,  for  any  frequency/polarization  combination  is  1.27  milli¬ 
seconds. 

The  receiving  system  of  the  radar  Is  designed  to  detect  both  the  directly  polarized  return,  l.e., 
the  horizontally  polarized  return  from  e  horizon '■•tily  polarized  transmission  end  the  cross  polarized 
return,  l.e.,  the  vertically  polarized  return  from  a  horizontally  polarized  transmission.  Consequently, 

16  variables  are  present  in  the  receiving  sequence,  four  for  each  frequency.  These  four  are  the  complex 
components  of  the  scattering  matrix  and  offer  a  nearly  complete  description  of  the  reflection 
characteristic*  of  targets  over  the  parameter  range  to  a  limit  determined  by  the  resolution  cell  of  the 
radar.  The  receiver  has  two  channels,  one  for  horizontally  polarized  returns  end  the  other  for  verti¬ 
cally  polarized.  These  function  to  preserve  the  amplitude  snd  phase  of  each  component  and  are  tima- 
sharrd  by  the  trsnssiitters  so  that  calibration  is  simplified  by  eliminating  relative  drift  i.rora. 
Amplitude  and  phase  are  measured  independently  in  each  channel.  In  the  amplitude  channel,  the  signal 
la  logarithmically  amplified  to  compress  the  dynamic  range  and  then  incoherently  detected.  Ic  the 
phase  channel  on  the  other  hand,  the  signal  is  amplified  end  hard  limited  at  IF  to  eliminate  amplitude 
fluctuations  and  is  coherently  detected  using  a  stored  reference.  All  signals  are  gated  in  range  by 
an  operator,  digitalized  and  recorded  in  flight  for  later  analysis.  Some  of  the  system  characteristics 
of  the  4FR  System  are  given  in  TAKE  I.  A  more  detailed  description  of  tne  system  la  given  by  Gulnard 
(10). 

One  of  the  major  problems  Involved  In  the  measurement  of  cross  section  from  en  airborne  platform  is 
the  calibration  of  the  radar  system.  In  general,  two  calibrations  art  required  to  ailminate  system 
constants.  The  first  is  an  internal  calibration  which  Is  accomplished  by  measuring  the  receiver  trans¬ 
fer  function  from  the  antenna  output  terminals  to  the  recording  medium  by  salens  of  standard  signal 
generators.  The  second  is  an  external  calibration  to  determine  the  constants  related  to  the  antenna 
gain,  r  a  dome  losses  and  radiated  power.  In  this  latter  measurement,  3-inch  aluminum  spheres  are  need  as 
reference  targets  of  known  cross  section.  These  are  dropped  from  the  aircraft  end  tracked  manually. 

Figure  3  la  an  exaeple  of  ephera  returns.  The  ordinate  In  this  Figure  is  relative  amplitude  of  the 
return  in  decibels  and  the  abscissa  is  the  logarithm  of  the  range.  The  Figure  is  e  compilation  of 
several  sphere  tracks  made  consecutively  prior  to  Che  measurement  of  the  sea  return  in  the  North  Atlantic. 
Each  point  represents  the  upper  decile  value  of  e  thirty-two  pulse  sample  of  the  return.  The  upper 
decile  is  used  since  ell  errors  in  sphere  tracking  tend  to  lower  the  observed  values  of  the  cross -taction. 
The  theoretical  value  of  the  return  shown  in  thin  Figure. is  computed  from  the  radar  equation  using 
measured  transmitter  power,  the  value  of  the  cross  section,  and  antenna  gain  appropriate  for  the  frequency 
transmitted  and  an  estlswta  of  the  line  and  raJcma  losses.  As  can  be  seen  in  the  X-bend  horizontal 
susmery,  the  theoretical  value  provides  an  excellent  measure  of  the  calibration  value  for  the  return. 

On  the  other  hand,  the  t-band  vertical  stma&ery  shows  a  7-ddcibel  loss  between  the  theoretical  value  end 
the  sphere  relurn  indicating  the  need  for  a  7-decibel  correction  to  the  observed  values  of  cross  section. 
In  order  to  use  this  calibration  procedure  effectively,  all  cross  section  values  ere  referenced  to  the 
calibration  sphere  cross  section  in  the  following  manner.  The  RCS  of.  the  sphere  it  given  by 
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where  and  are  the  received  and  transmitted  powers;  X  is  the  radar  wavelength;  G,  the  maximum 
antanna  gain  and  Rg  is  the  range  of  the  sphere.  Applying  the  same  definition  to  the  target  cross  section 
and  taking  the  ratio 


whete  cT  is  the  target  cross  section  end  ie  the  corresponding  radar  return.  In  addition  to  these 

calibrations,  in  view  of  the  many  switching  operations  involved  in  the  4FA  System,  a  constant  fraction 
of  the  transmitted  power,  termed  the  re-entrant  signal,  is  inserted  into  each  of  the  microwave  input 
lines  and  observed  at  the  operator's  console  to  monitor  system  performance.  The  re-entrant  ia  periodi¬ 
cally  recorded  with  the  data  to  asxasn  system  stability.  As  a  result  of  these  calibration  procedures, 
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*n  Aver* ge  accuracy  of  ±2  dB  of  crocs  section  is  Achieved.  This  value  is  obtained  by  raonitoring  receiver 
drift  cr.d  notins  the  *c*fct*r  of  mnasuremencs  of  the  reference  sphere  when  illuminated  under  optimum 
conditions. 

3.  THE  CCHPOSITE  SEA  CLUTTER  MODEL 


In  order  to  arrive  *r  an  expression  for  the  RCS  of  the  sea  yhich  embodies  the  cheracteriatlcs 
previously  discussed,  the  conditions  which  specify  a  slightly  rough  surface  in  the  seuse  of  Rice  (3)  must 
be  stated.  These  ere 
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for  the  heights  and  elepes  of  the  surface  respectively.  With  thle  specification,  severe!  authors  <1,2, 
4,5)  have  determined  that  the  RCS  of  the  slightly  ;ugh  surface  for  the  directly  polarised  returns 
(linear)  ere  to  first  order  given  by 
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where  0  Is  the  vavatuaeber  of  the  incident  radar  energy;  y  is  the  depression  angle;  are  the  wave- 

numbers  in  the  x  and  y  direction  on  the  infinite  surface,  and  W  le  the  two- dimensional  energy  density 
spectrum  of  the  surface  height  variations.  The  or  terse  ere  given  by 
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W  J  (a  ein  y  +  /*  -  cos*  y  )a  J 
die  re  c  is  the  complex  dielectric  constant. 

To  proceed  further^  following  Wright  (1)  the  spectxsm  of  the  surface  height  variations  must  be 

evaluated.  As  previously  noted,  Phillips  (8)  bed  investigated  the  growth  mechanisms  of  meter  waves  and 

feed  concluded  that  an  upper  limit  exists  for  the  height  of  a  wav*  of  fixed  length  whether  in  the  gravity 
or  capillary  range.  In  the  former,  the  height  it  limited  by  the  extraction  of  energy  in  surface  de¬ 
tachment  or  breaking  while  in  the  letter,  it  is  limited  by  the  development  of  sharp  troughs  and  energy 
lot*  through  release  of  bubbles.  Bsl:  $  a  dimensional  argument,  Phillips  found  that  in  these  porticos 
of  the  Ocean  Wav*  Spectrum,  i.e.,  the  Equilibrium  Sang*,  the  spectrum  is  of  the  form, 

w(k)  »  nf* 

<6> 

K  -  Ax3  +  Ky* 

end  the  constant  B  Is  averaged  over  the  entire  surface.  There  it  scam  uncertainty  in  the  value  of  the 
constant:  however,  using  date  from  several  source*,  Phillips  ha*  determined  that  the  value  of  B  should 
be  6x10**  fox  the  Equilibrium  Benge  Spectrum  for  gravity  waves  and  1.5x10**  fer  the  capillary  wave 
spectrum.  Substituting  equation  (6)  into  (4)  and  evaluating  at  wavenumbers  satisfying  the  Btegg 
scattering  condition,  1.*., 


20  cos  y 


the  limiting  form  of  the  cross  section  for  angles  away  from  the  surface  normal  i*  found  to  ba: 


(6) 


1  _v  w-'t^'yc-.y 
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o«r  <f 

t°0lw  *  i.5«  x  10**  *w  Can*  y 

where  B  hat  been  set  equal  Co  SxlC"3  and  the  o' a  are  as  defined  previously. 

One  striking  feature  of  these  relationships  besides  their  simplicity,  in  that  they  yield  the 
accepted  shape  for  the  RCS  vs  grating  angle  variation  (sigma-theta  curve)  ard  also  the  observed  polar¬ 
isation  dependence  (for  flat  surfaces)  without  invoking  the  interference  phenomenon  which  had  previously 
been  thought  responsible  for  these  effects.  Another  is  the  absence  of  an  explicit  dependence  on  ths 
transmitted  vavenustber.  While  this  independence  hat  been  observed  in  vertically  polerlsed  returns, 
from  extremely  rough  surfeces  end  from  the  higher  sea  states,  the  horizontally  polarised  returns  have 
ganarally  tended  to  follow  a  wavelength  power  lew  varying  from  to  e  -1,  This  discrepancy  probably 
indicates  that  s  slight  modification  should  be  made  in  the  form  of  the  Equilibrium  Range  Spectrum. 

In  view  of  the  severe!  assumptions  required  to  reach  the  limiting  value  of  the  cross  aectlon,  it 
Is  valuable  to  compare  the  value  predicted  with  that  obtained  from  measurements.  Figures  4  and  5 
contain  data  acquired  with  the  L-  and  C-band  radar*  operating  with  vertical  polerizatlon  on  various  days 
of  tha  Puerto  Rico  experiment.  These  data  consist  of  the  median  value  of  the  normalised  cross  section 
for  e  fixed  grazing  angle,  obtained  by  analysis  of  approxiswcaly  30  saeonds  cf  puls*  samples.  Pulse- 
width  used  during  the  mission  was  0.23  microseconds  for  each  of  tbs  frequency  polarisation  transmissions . 
A  detailed  description  of  the  processing  may  b*  found  in  tha  work  of  Caley  at  el  (11).  TABLE  II  lists 
tha  various  wind /wave  conditions  under  which  the  data  were  acquired  tog- that  with  the  range  of  grating 
angle  used  in  each  condition.  The  13th  end  19th  of  July  were  relatively  ‘'rough"  days,  while  the  16th, 
20th  and  21st  ware  "moderate"  and  tha  27th  and  28th,  "calm."  No  C-band  data  were  acquired  on  tha  28th. 

returning  to  Figures  4  and  5,  it  can  be  teen  that  the  theoretical  curve  not  only  provides  e 
realistic  quantitative  upper  bound  for  the  date,  but  eleo  exhibit#  the  correct  qualitative  variation 
with  grating  eagle.  In  addition,  the  data  acquired  on  the  rougher  days,  generally,  are  closer  Co  the 
limit  which  la  to  be  expected  vines  It  indicates  the  greater  development  of  the  Bragg  resonant  wave, 
l.e. ,  the  wave  of  length. 


L  -  |  Xr  sec  0  (9) 


where  le  the  radar  wavelength. 

The  situation  is  more  complex  when  the  comparison  la  made  with  horizontally  polarised  date.  In 
Figures  6  end  7,  the  comparison  between  the  theoretical  limit  curve  and  the  cross  section  la  shown. 

The  date  were  acquired  with  horizon  tally  polarised  signals  by  tha  lr  and  C-band  radars,  litre,  the 
agreement  is  good  at  the  larger  staring  angles;  however,  wide  discrepancies  between  the  modal  and  the 
data  are  apparent  at  the  smaller  grazing  angles.  The  explanation  for  the  leek  of  agreement,  between 
these  data  a<>d  tha  limiting  values  at  tha  lower  graving  angles  may  be  found  by  considering  tho  cross 
section  of  e  composite  surface.  Wright  (1)  bee  noted  that  ths  affect  of  large  swells  on  tho  mealier 
scattering  surfaces  io  that  of  changing  tha  direction  of  the  normal  to  the  mean  surface  with  respect 
to  tha  propagation  vector  of  the  incident  radiation.  This  angular  change  nay  be  resolved  into  two 
components,  one  a  rotation  in  tha  plane  of  the  incident  radiation  which  will  altar  theapparsnt  grasing 
angle  and  the  other  a  rotation  normsl  to  the  plane  of  the  incident  radiation.  Valenzuela  (12)  has 
analyzed  this  latter  cocpoaenc  and  concluded  that  significant  variation  in  the  cross  section  can  be 
produced  by  rotations  in  the  scattering  surface  comparable  to  those  produced  by  swell.  Such  a  "tilting” 
of  the  scattering  surface  would  be  expected  to  produce  significantly  larger  variations  in  tha  hori¬ 
zontally  polarized  cross  aaction  in  tha  rang*  from  5  to  30  degrees  than  in  the  vertically  polarised 
since  the  rate  of  change  of  cross  section  with  both  grazing  angle  and  the  angle  normal  to  it  is  much 
larger  for  the  horizontally  polarised  RCS  then  for  the  vertically  pclarized  In  this  region.  Below  5 
degrees,  however,  the  vertically  polarised  cross  section  could  be  enhanced  because  of  the  composite 
surface  flops  in  a  stellar  manner.  Unfortunately,  this  latter  statement  is  difficult  to  verify  by 
further  measurements  both  because  of  the  power  limitations  of  the  4FR  System  end  also  because  of  the 
effect  nf  surface  shadowing  at  ttase  grazing  angles.  However,  tha  composite  surface  model  se  well  *» 
cross  section  data  indicate  the  itedvisabllity  of  the  assumption  of  a  vanishing  cross  section  at 
shallow  grating  angles  for  either  polsrlzatlbn  except  in  the  esse  of  a  locally  flat  surface  with  slight 
roughness. 

Returning,  mcventarlly,  to  the  question  of  an  upper  bound  or  worst  case  condition  for  tha  see  RCS, 
the  failure  of  tta  computed  limit  for  horizontally  polarized  cross  section  to  bound  the  values  at  low 
angles  c&n  be  rectified  by  utilizing  the  limit  curve  for  vertically  polarized  signals  as  an  upper  bound 
for  both  polarization.  The  validity  of  this  use  of  the  limit  is  shove  in  Figure  7  in  which  the  vertical 
limit  has  been  nlotted  with  the  horizontal  limit  end  horizontally  polarized  values  cf  the  RCS.  A* 
inspection  of  the  data  tor  other  frequencies  will  show,  a  similarly  affective  bound  is  achieved  over  the 
range  from  UHF  to  X  bend  by  the  use  of  the  vertical  limit  cusvz. 

AJ  though  significant  success  has  been  achieved  in  catching  the  predictions  of  the  composite  surface 
model  with  the  values  of  RCS  obtained  with  various  polariistiwn*  and  frequencies  in  the  relatively  low 
sea  state*  encountered  in  Puerto  Rico,  the  applicability  of  the  usp4r  bound  for  RCS  required  farther 
verification  in  big’  -i*  states  vn*i«,  intuitively,  The  full  development  of  the  Bragg  resonant  waves 


1-5 


world  b*  expected.  MoNovtr,  the  effsct  of  auch  high  iu  state  phenomena  as  blowing  spray,  non- linear 
mvi  interactions,  and  aavaro  shadowing  which  vara  neglactrd  in  th«  previous  analysis  need  to  be 

SSSiiivv  wv  wXwvma  gui  Ubaai.t/  Ga  warn  SGuGa  tv  mm  jiu»g«a  C«*G • 

4.  THE  HIGH  SEA  STATE  MEASUREMENT 

In  order  to  obtain  radar  return  data  from  the  higher  «aa  states,  a  alts  was  required  which  offered 
a  high  probability  of  occurrence  and  also  provided  a  mean*  for  the  acquisition  of  surface  truth  to 
specify  tha  wind/wave  condition.  Such  a  site  was  found  in  the  North  Atlantic  Ocean.  During  the 
winter  months,  as  shown  in  Figure  S,  a  series  of  atoms  proceed  south  of  Labrador,  Greenland  and  Iceland 
across  the  ocean  and  along  the  European  coast.  As  a  result  of  these  disturbances,  during  January  and 
February,  there  is  a  307.  probability  of  weveheights  in  excess  of  12  feat  and  a  20%  probability  of 
waveheighte  in  oxcaaa  of  20  feat.  In  the  path  of  these  stores,  as  shown,  are  Ocean  Stations  India 
(59*N,  19*H>  and  Juliet  (52.5*N,  20*W),  oh  which  Oceanographic  Surface  Vessels,  staffed  and  maintained 
by  the  British,  Dutch  and  French  weather  services,  are  located  on  a  rotating  schedule.  These  vessels 
not  only  provide  oceanographic  and  meteorological  observations  to  the  international  weatbar  services, 
but  also  are  equipped  with  radio  beacons  to  serve  as  checkpoints  for  transoceanic  flights  and  con¬ 
sequently,  era  almost  ideal  terminal  points  for  the  measurement  program.  Consequently,  tha  4FR  System 
wes  deployed  to  Shannon  which  is  405  miles  from  Jullat  end  510  miles  from  Indie. 

As  was  previously  mentioned,  nine  missions  were  flown  to  Ocean  Stations  India  and  Juliet.  The 
choice  of  location  was  made  daily  depending  on  the  sea  state  reported  by  each  station  and  the  meteoro¬ 
logical  forecast.  At  tha  Station,  the  OSV  was  ussd  as  a  reference  point  and  the  flight  plan  shown  in 
Figure  9  was  initiated.  The  system  transfer  function  and  the  sphere  tracking  runs  had  been  carried 
out  in  transit  to  the  measurement  site.  The  flight  plan  consisted  of  three  legs  flown  with  respect 
to  the  wind,  up,  down  and  cross  at  each  of  three  altitudes  and  a  tenth  leg  flown  on  the  return.  The 
use  of  three  altitudes  in  tha  flight  program  ia  necessitated  by  the  difficulty  of  encompassing  the 
entire  dynamic  range  of  sea  return  in  the  radar  racal-er  since  gain  settings  were  hold  constant  to 
maintain  calibration.  The  altitudes  shown  in  tha  Fig  mi  are  nominal,  the  lower  altitude  was  prlamrlly 
determined  by  visibility  of  the  ocean  surface  required  by  the  aerial  cameras  and  laser  altimetry.  On 
the  first  of  the  low  altitude  legs,  data  vara  taken  with  the  aircraft  flying  upwind  and  ths  antennas 
oriented  fora  and  eft.  To  measure  the  cross  section  at  the  shallow  grazing  angles,  tha  antenna  de¬ 
pression  angle  waa  aat  successively  at  5*,  10*,  20*,  and  30*.  At  each  position,  tha  radar  return  was 
measured  for  approximately  40  seconds.  The  antennas  were  then  rotated  180*  In  azimuth  and  the  procedure 
repeated.  This  ves  done  to  acquire  data  in  tha  upwind  and  downwind  direction  on  the  tame  leg.  On  the 
downwind  and  crossvind  legs  2  and  J,  a  similar  procedure  waa  followed  and  the  same  range  of  angles  used. 
At  the  middle  altitudes,  the  aircraft  was  repositioned  with  respect  to  the  OSV  using  the  aircraft 
direction  finder  in  conjunction  with  tbs  shlpbcrne  beacon  and  the  crosswind  leg  flown.  On  this  lag, 
data  were  collected  at  20*,  30*,  45r,  and  30*  with  tha  same  antenna  reversal  procedure.  Overlapping  of 
tha  anglee  was  performed  tc  assess  the  affect  of  both  altitude  and  time  changes  on  the  observed  return. 
The  upwind  and  downwind  legs  at  thie  altitude  were  flown  similarly.  At  the  high  altitude,  the  aircraft’ 
was  again  positioned  and  the  45*,  60*,  75*  and  9d*  angles  sat  and  the  return  measured.  Tbs  an tiro 
pattern  required  2  to  3  hoars  to  finish  depending  on  wind  strength  and  generally  began  at  1300Z.  Tha 
tenth  lag  shown  on  tbs  Figure  wss  flown  on  tha  return  flight  at  constant  altitude  to  evaluate  the 
variation  of  the  cross  section  in  a  changing  saa  condition. 

TABLE  HI  lists  on  an  hourly  basis  the  wind  and  wave  conditions  which  were  reported  et  the  Ocean 
Stations  daring  tha  missions.  As  can  be  seen,  oa  seven  of  the  nine  missions,  date  were  acquired  in  sec 
states  la  which  tha  wind  exceeded  20  knots  which  wes  the  largest  wind  condition  observed  in  the  Puerto 
Rico  experiment.  The  awxlmum  sea  state  condition  wss  encountered  cn  11  February  whan  a  26-foot  sig¬ 
nificant  wevehaight  was  combined  with  a  46-48  knot  wind.  As  will  be  noted  at  a  later  point,  tha  maximum 
ssa  condition  which  occurred  under  blue  skits  does  not  provide  the  maximum  values  of  the  cross  section. 
These  occurred  on  6  February  when  there  were  Intermittent  snow  falls  over  the  measurement  crea.  Un¬ 
fortunately,  little  data  have  bean  obtained  to  document  the  wind  variation  on  this  day  beyond  that 
listed  in  the  Table.  Verbal  reports  from  tbs  site,  however,  indicated  gusty  conditions  which  could 
have  produced  a  stronger  wind  field  later  in  the  day.  In  view  of  tha  variation  of  the  cross  section 
with  wind  exhibited  during  the  remainder  of  the  experiment,  the  increase  In  cross  section  is  primarily 
attributed  to  the  roughening  of  the  surface  by  precipitation. 

Figures  ltv  through  17  contain  the  collation  of  the  RCS  determined  from  the  composite  surface  theory, 
equation  (8),  and  the  data  collected  lc  the  upwind  direction  by  ths  4FR  System  in  the  North  Atlantic 
experiment.  The  values  of  ths  cross  section  are  coded  according  to  wind  speed.  The  numbers  in 
parentheses  refer  to  the  dates  on  which  the  data  were  collected.  The  RCS  data  were  obtained  by  taking 
tha  median  value  of  the  calibrated  signal  returns  acquired  on  the  upwind  portions  of  legs  1,2,5, 6, 7 
end  8  at  the  prescribed  angle;  consequently,  120  seconds  of  data  vara  used  in  the  staple.  The  sample 
rate  (radar  FRF)  ves  683  and  tha  radar  pulsevidth  was  0.5  microseconds.  In  Figure  10,  the  X-band 
vertical  returns  show  sn  excellent  agreement  between  the  predictions  of  the  composite  surface  ssxiel 
and  the  observed  values  of  the  RCS  in  the  sea  states  characterized  by  winds  in  excess  of  22  knots,  in 
which  the  develepamnt  of  the  Bragg  resonant  wevalengths  would  be  expected  to  be  nearing  the  maximum. 

In  view  of  the  *2  d&  accuracy  of  the  data,  this  rather  graphically  indicates  ths  existence  of  the 
saturation  condition  of  the  RCS.  The  lack  of  development  of  tha  Bragg  resonant  vavelength  is  shewn  in 
ths  low  wind,  5  knots,  encountered  on  17  February.  The  overall  rate  of  the  cross  sactlon  between  these 
two  Uniting  conditions  is  seen  to  be  in  tha  order  of  20  decibels.  Figure  11,  the  X-band  horizontal 
returns,  on  the  other  hand,  give  further  evidence  of  the  "tilting"  of  tha;  surface  by  the  large  swell 
structure.  Again,  the  closeness  of  the  measured  values  of  the  RCS  obtained  in  ths  wind  fields  above 
22  knots  show  the  existence  of  saturation.  Figures  12  and  13,  the  returns  on  C  band  for  both  polar¬ 
izations  in  general  confirm  tha  predictions  of  the  composite  surface  theory  in  a  manner  entirely 
similar  to  X  band.  Tha  L-baid  returns  shown  in  Figures  14  and  15  offer  c  similar  agreement  between 
the  predicted  and  observed  values.  However,  the  variation  of  tha  RCS  with  wind  frem  5  knots  to  48 
knots  is  less  for  L  band  than  for  tha  previour.  two  frequencies.  Turning  to  tha  last  two  Figures  in 
the  series.  Figures  In  and  17,  «  stellar  agreement  in  shape  is  found  for  F  band  but  hare  the  reduction 


In  Che  spread  of  the  RCS  with  wind  1*  far  lees  Chen  for  any  of  the  preceding  frequencies.  Hie  overall 
behavior  of  the  RCS  over  Che  2C  Co  1  frequency  range  with  Wind  is  quite  consistent  with  the  concent  of 
scattering  from  Bragg  rcaonant  water  waves.  As  is  uell  known,  the  effects  of  local  wind  are  much  more 
pronounce:!  i;*.  the  2V°wth  and  decay  of  capillary  waves  than  in  the  grevity  wavo  portion  of  the  spectrum. 
Since  the  Bragg  resonant  icatterer*  for  X-bsnd  energy  are  of  the  order  o£  i  to  i  inches  wevelenith  svst 
the  angular  range,  they  are  strongly  influenced  by  wind.  The  Bragg  resonant  scattarars  in  F  band,  on 
the  other  hand,  arc  in  the  order  of  2.2  feet  to  A, 5  feet  over  the  angular  ranga  and  are  in  the  smell 
gravity  wave  region,  and  consequently,  they  are  not  greatly  influenced  by  local  wind.  Ona  last  point, 
of  the  nine  missions  flown,  only  seven  day*  era  represented  In  the  data.  The  3th  of  February  wet- 
omitted  from  che  collation  because  the  lack,  of  steady  surface  wind  made  tha  returns  highly  non* 
stationary.  Slight  wind  puffs  created  strong  patchiness  in  the  high  frequency  returns  while  the  lower 
frequencies  had  returns  near  the  noise  level  of  the  system.  Data  from  10  February  was  omitted  because 
of  the  failure  of  the  C-band  tratVarltter  on  thla  aissl'.n.  The  data  on  the  other  three  frequencies 
for  this  wind  speed  were  entirely  similar  to  that  presented  for  the  other  missions  in  the  experiment. 

Additional  data  are  available  beyond  that  presentad  hare  which  deals  with  the  behavior  of  the 
returns  In  the  other  wind  directions,  cross  polarized  values  of  tha  cross  taction  end  wave  spectral 
data  acquired  by  tha  laser  altimeter.  These  will  be  presented  in  later  reports  on  the  mission, 
hopefully,  in  the  summer  and  fall  of  1970,  In  addition,  further  analyse?  are  being  conducted  to 
determine  models  for  the  statistical  distributions  of  the  return*  and  also  to  model  the  growth  of  the 
RCS  with  wind  in  a  tractable  manner.  Lastly,  further  atisur smart  missions  are  planned  to  determine 
the  variation  of  :h*  RCS  with  wind  in  tha  critical  region  between  S  knots  and  22  knots. 

5  CONCLUSIONS 

Tha  NHL  AFX  System  has  been  used  to  collect  return  data  in  tho  high  aaa  states  characteristic  of 
the  North  Atlantic  in  tha  winter  months.  The  purpose  of  tha  experiment  was  thresfold:  first,  to  deter- 
mins  a  worst  cast  condition  for  the  RCS  of  the  sea;  second,  to  determine  the  variation  of  tha  RCS  with 
increasing  roughness;  and  third,  to  verify  and  expand  the  utility  of  tha  composite  surface  model  in 
conditions  which  would  test  the  Unset  assumptions  of  the  theory.  The  overall  results  of  the  study 
have  shown  the  existence  of  s  saturation  condition  for  tha  RCS  with  increasing  roughness  which  bad  bean 
postulated  by  some  investigators  and  is  one  of  tha  predictions  of  tha  composite  surface  theory.  The 
value  of  the  RCS  in  the  saturation  condition  specifies  a  worst  csss  clutter  condition.  Inspection  of 
tha  data  has  shown  that  the  variation  of  the  RCS  with  wind  ia  greatest  for  X  band,  least  for  tbs  F-baud 
returns.  Tha  saturation  condition  is  closely  approached  by  the  RCS  in  wind*  exceeding  22  knots  in  the 
North  Atlantic.  However,  as  data  previously  obtained  in  me  derate  wind  spaed*  In  Fuerto  Rico  have 
shown,  the  saturation  condition  ia  closely  approached  by  wind  speeds  in  excess  of  10  knots.  It  is 
valuable  to  combine  the  data  collected  in  both  tha  Fuerto  Rico  and  North  Atlantic  experiments  at  a 
fixad  angle  of  lncldsncs  to  datarmlna  the  variation  of  RCS  with  wind.  This  i*  dona  in  Figure  IS  for  a 
30-da gre*  depression  angle  for  the  X-bsnd  vertically  polarized  return*.  The  data  in  the  Figure  have 
bean  fitted  by  power  law*,  in  tha  low  wind  region,  a  cub*  law  ha*  baen  used  and  In  tha  higher  wind 
regions,  a  one-half  power  law  has  bean  fitted  to  tha  data.  Defining  the  saturation  region  aa  that 
where  the  one-half  power  law  applies,  than  the  critical  wind  spsed  is  shown  to  be  In  the  vicinity  of 
10  knots. 

The  date  obtained  in  tha  North  Atlantic  experiment  have  alao  bean  used  to  verify  the  predictions 
of  the  composite  surface  modal  in  conditions  where  mechanisms  such  ss  spray,  non-linear  wave  Inter¬ 
actions,  and  shadowing,  which  wars  neglected  in  the  amdel,  would  be  expected  to  be  dominant.  Tha 
results  of  the  comparison  have  shown  a  good  agreement  between  the  RCS  measured  in  the  high  saa  state* 
for  the  vertically  polarized  transmissions  and  the  predicted  values  over  tha  20  to  1  frequency  range, 

UHF  to  X  band.  Tha  comparison  of  the  horizontally  polarized  data  with  the  predicted  values  indicate# 
again  the  cos-posits  nature  of  tha  scattering  surface,  in  that,  at  the  lower  antenna  depression  eagles, 
tha  "tilting"  of  tha  scattering  surfaces  by  tha  swell  results  in  an  apparent  enhancement  of  the  cross 
ssetton.  This  effect  indicate*  the  inadvisability  of  tha  assumption  of  a  vanishing  cross  ssetion  at 
shallow  dsprssslon  angles  of  the  redar  antenna,  except  on  a  flat  surface  with  slight  roughness. 

6.  ACKNOWLEDGEMENTS 

The  author*  wish  to  acknovltdg*  the  assistants  and  advice  of  Dr.  C.  Valenzuela  and  Dr.  J.  Wright 
in  tha  treatment  of  the  composite  s.trfacs  modal,,  to  Mr,  Lionel  Moskowitx  for  hit  assistance  in  planning 
tha  experiment  end  providing  er-face  truth,  to  Mr.  J.  Daley  for  preparation  of  the  dnta,  and  lastly, 
to  the  4FR  team  without  whom  taste  would  be  no  dats  to  report. 

7.  REFERENCES 

1.  J.W.  Wright,  "A  New  Model  for  Ssa  Clutter,"  IEEE  Trana.  on  Antennas  and  Propagation,  Vol. 

AP-16,  pp.  217-223,  Kerch  1%3. 

2.  F.C.  Bass,  S.M.  Fuks,  A.l.  Kalmykov.  I,E.  Ostrovsky,  and  A.D.  Roaeoburg,  "Very  High  Frequency 
Radloveve  Scattering  by  a  Disturbed  Sea  Surface,"  IEEE  Trans,  on  An tt ness  and  Propagation, 

Vol.  AF-16,  September  1968. 

3.  S.  Ssmenov,  "An  Approximate  Calculation  of  Scattering  on  tho  Perturbed  Saa  Surface,"  IVUZ 
Radiofizik*  (USSR),  Vol.  9,  op.  876-887,  1966. 

4.  S.0.  Rice,  "Reflection  of  Slecttomegnutlc  Waves  from  Slightly  Rough  Surfaces,"  Cosss.  Fur* 

Appl.  Math.,  Vol.  4,  Mo*  2/3,  pp.  361-378,  1951. 

5.  W.H.  Peake,  "Theory  of  Radar  Return  from  Terrain,"  1959  IXE  National  Coov.  Rec.,  Vol.  7, 

Ft.  1,  pp.  27-41.  ~ 

6.  C.R.  Valenzuela.  "Depolarization  of  EM  Waves  by  a  Slightly  Rough  Surface,"  IEEE  Trans,  on 
Antennae  and  Propagation,  Vol.  A?- 15,  No.  4,  pp.  552-557,  July  1967.  - 

7.  J.W.  Wright,  "Sackscattering  from  Capillary  Waves  with  Application  to  Soa  Clutter,"  IEEE 
Trans,  on  Antennas  and  Propagation,  Vol.  AF-14,  pp.  749-354,  November  1966. 


p*b 


,  8.  O.H.  Phillips,  The  Dynamics  of  the  Uppar  Ocean.  London:  Casbridga  Uni'mreity  Press, 

fc  pp.  109-119,  1966. 

|  9.  D.E.  Karr,  Propagation  or  Shod  !Uulc  Ways;,  Ms.-  York:  MeGrsy-Hill,  pp,  S12-5M,  1951, 

s  10.  K.W.  Guinard,  "Th*  Four-Frequency  Radar  Syacea,"  Report  of  KRL  progress,  pp.  1-10,  May  1969. 

|  11;  T.fl,  nalav.  J.T.  Ranaona,  Jr,,  J.A.  Burkett,  and  J.R.  Duncan,  “Sea* Clutter  Koasuraaemts 

v  on  Four  Frequencies,”  NRL  Raport  6806,  29  Novenbar  i9j5. 

{12.  G.R.  Valenzuela,  “Scattering  of  Electronagnectc  Waves  from  a  Tilted  Slightly  Rough  Surface, •' 
Radio  Science,  Vol,  3  <nev  series) ,  Ko.  11,  pp.  1057-1066,  Noveaoer  1968. 


1-8 


TABLE  I 


4  Frequency  Radar  System  Parameters 


Parameter 

P  -  BAND 

L  - 

BAND 

C  -  BAND 

X  -  BAND 

Polarization 

Horiz 

Vert 

Horiz 

Vert 

Horiz 

Vert 

Horiz 

Vert 

AZ.  Beamwidth 

tl2.3° 

12.1° 

5.5° 

5.5° 

5° 

5° 

5° 

4.7° 

CL  Beamwidth 

40° 

41° 

13.8° 

13° 

5° 

5° 

5.3° 

o 

O 

in 

AZ.  Minor  Lobe 

14.5  db 

14.5  db 

13.4  db 

14  db 

23.2  db 

23.2  db 

23.6  db 

23.6  db 

El,  Minor  Lobe 

30  db 

26.  db 

16  db 

14  db 

24.5  db 

24.5  db 

23.5  db 

24.2  db 

Cross  Pol. 

25  db 

28  db 

25  db 

25  db 

>20  db 

"20  db 

>20  db 

>20  db 

Antenna  Gain 

17.4  db 

17.4  aL 

25.9  db 

_ 

26.2  db 

31.4  db 

31.4  db 

31.2  db 

31.2  db 

Peak  Power 

25  Kw 

25  Kw 

35  Kw 

25  Kw 

Ave  Power 

140  Watts 

140  Watts 

100  Watts 

160  Watts 

Pulse  Width 

.25  -  2.0  /is 

.25  •  2.0  fis 

.1  -  2.0  ns 

.1  •  2.  0(is 

PHF 

100  -  1463  PPS 

100  -  1463  PPS 

100  -  1463  PPS 

10C  -  1463  PPS 

TABLE  II 

Gross  Surface  Conditions.  Puerto  Rico  1965 


WIND 


DATE 

LOCATION  VELOCITY 

(knots) 

July  15,1965 

10  ml  h\W. 

15-20 

Sain  Juan 

10-15 

July  16,1965 

10  ml  H.W. 

10-12 

San  Juan 

7- 8 

8- 1C 
15-18 

July  19,1965 

15  ml  N.W. 

10-12 

San  Juan 

10-15 

July  20,1965 

15  ml  N.W. 

7-9 

San  Juar. 

10-12 

10-12 

July  21,1965 

20  ml  N.W. 
San  Juan 

8-11 

8-11 

July  22, 1965 

20  mi  R.W. 

10-12 

San  Juan 

10-12 

July  23,1965 

20  ml  N.W. 

8-10 

San  Juan 

8-12 

July  27,1965 

of  i 

2-3 

Nayaguez 

5-8 

0-1 

July  27,1965 

off 

2-3 

Nayaguez 

0-1 

July  28,1965 

off 

01 

Kayaguez 

3-4 

WAVE 

ANGLES 

QUALITATIVE 

HEIGHT 

SAMPLED 

OBSERVATIONS 

(feet) 

(degrees) 

4-5 

4-20 

Rain 

3-5 

30-90 

Sain 

2-2.5 

4-15 

2-3 

20,  30 

3-4 

45-90 

3-4 

80 

Rain  squall 

3-4 

4-45 

3-4 

70-9C 

2-3 

5-45 

2-3 

60-90 

2-3 

4  (cross- 
wind  only) 

4-6 

4  In  X  and 

Cj  10  in  L 
and  P 

3-5 

10-90 

Gusts  to  12 

knots 

5-7 

4-60 

3-4 

70-90 

5-8  ft  swells 

2-3 

30-60 

Sea  "Choppy” 

4-6 

4-20*70-90 

white  caps 

0.5-1 

4-15 

1-2  &  4-5  15-66 

"Confused" 

0.5-1 

60-90 

tea-squall 

0.5-1 

4-20 

Natural  slicks 

0.5-1 

60-90 

.  0,5-1 

4-18,60-90 

2-ft  swells 

0.5-1 

4,  34 

lain  squall 

1.9 


TABLE  1!1 


Oroou  Surface  Ccnditlcns,  High  Sea  Slate  Program 


r  “ 

— 

1200Z 

1—  - -  ■  -  — 

1300Z 

— 

1400Z 

— 

— 

<9W£r 

~1 

«  *AAI> 

- - 

WAVES 

WIND 

WAVES 

WIND 

WAVES 

WIND 

WAVES 

WIND 

WAVES 

WIND 

6  FEB.  Sea 

T  Swell 

14.8',9acc 

2S',13scc 

330* 

340/40 

8  FSB.  Sea 
’J*  Swell 

2',3sec 
11.5',  9bsc 
330* 

160/09 

2't3see 

il.S',9sec 

330* 

080/07 

2\3sec 

11.5’,  9sec 
330* 

CALM 

2’,3aec 
14,8', 9»ec 

110/06 

10  FEB.  Sea 

T  Swell 

11.5',7sec 

18',10sct 

260* 

240/31 

13.1',  8sec 
18\10sic 
240° 

240/33 

13.1,8sec 

18',i0sec 

240* 

240/20 

13.1',6tec 

18',10»ec 

210’ 

240/35 

11  FEB.  Sea 
*r  Swell 

21.3',i0sec 

26.2',12sec 

280’ 

290/46 

213',10sec 

26.2\12sec 

280’ 

" 

290/46 

21.3',10sec 

26.2’,12sec 

280* 

290/48 

21.3’,10sfcc 

26.2',12sec 

280* 

293/48 

23',10»ec 

29.5',12sec 

280* 

290/52 

13  FEB.  Sea 
'J*  Swell 

23',12sec 

360/39 

23,,12sec 

360/35 

23',12oec 

360/36 

23’,12see 

350/39 

23*»12stc 

260/37 

14  FEB.  Sea 
'?  Swell 

23\I0*ec 

010/38 

26.2’,10aec 

010/40 

26.2',10*ec 

010/40 

23',12sec 

360/57 

17  FEB.  Sea 

T  Swell 

3',3sec 

».8%7sec 

240* 

290/08 

3',3sec 

11.5*,7sec 

240* 

240/03 

S’.laec 

11.5’, 7gec 
240* 

260/05 

S’.lsee 

11.5' .7sec 
240* 

250/05 

0  Sea 
9.8',6*ec 
240* 

CALM 

18  FEB.  Sea 
•J’  Sweli 

9.8’,10#ec 

110/22 

M'.lOsee 

110/22 

11.5',10*ec 

100/2? 

11.5',10s*c 

120/25 

11.5' ,8aac 

110/22 

20  FEB.  Sea 
’J’  Swell 

16.4',10sec 

080  /29 

16.4’,10sec 

060/29 

16.4’,10sec 

050/28 

?ig. 1  Composite  rough  surface 


p 
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4FR  TRANSMISSION  SEQUENCE 


I 


)00  2000  3000  5000  1000  2000  3000  5000 

RANGE  (FT) 


F)y.3  Typical  sphere  drops 


99 


•  oo 


oo 


NORMALIZED  CROSS  SECTION 


tIO 

0 

-10 

-20 

-30 

-40 

-50 

0  10  20  30  40  50  GO  to  80  90 

DEPRESSION  ANGLE  (DEGREES) 

Hie  variation  o'.'  RCS  with  grazing  angle  W<K!  =  6  x  10“3K-'*  ,  t  =  57. 1-36. 3i 


Prevailing  storn  tracks  during  the  winter  season  over  the  North  Atlantic  Ocean 


4-6  SOU)' 
7-S  tzjood 
10  9*0UTS 


Fig. 9  Plight  pattern 
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Pig.  16 


Pig.  17 


The  variation  of  RCS  with  grazing  angle  and  wind  speed  WtK)  =  6  x  10'*K"4 

£  =  73-165i 


The  variation  sf  RCS  with  grazing  angle  and  wind  speed  W(K)  =  6  x  10"®K"4 

e  =  73-1651 


Fig.  18  The  variation  of  RCS  with  wind 
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SUMMARY 

The  paper  reports  on  some  results  based  on  a  statistical  analysis  of  clatter  echoes  using  s  10  cm 
surveillance  radar.  Probability  distributions  .~.f  clutter  radar  cross-sections  have  been  computed  for 
ground,  precipitation  and  bird  'angels’  and  changes  in  the  distributions  for  different  pulse  lengths  end 
polarizations  and  as  a  function  of  time  are  reported. 

Ground  clutter  cross-section  distributions  of  signals  obtained  over  an  arc  at  constant  range  and 
over  a  defined  area  show  a  log  normal  character  with  a  standard  deviation  of  about  25  dB.  Over  a  period 
of  several  months  the  standard  deviation  remains  unchanged  while  the  mean  value  fluctuates  by  +  2.5  dB. 

A  10:1  change  in  pulse  length  produces  an  18  dB  shift  in  the  distribution. 

Measurements  on  rain  support  the  theory  based  on  an  assembly  of  a  large  number  of  independent 
siacterers  contained  in  the  resolution  cell.  Using  circular  polarisation  cancellation  figures  of  21  dB 
lu.ve  been  measured. 

A  possible  ground  clutter  model  has  been  suggested  and  itn  predictions  give  a  good  fit  to  experi¬ 
mental  results. 

1.  INTRODUCTION 

Clutter  may  be  defined  to  be  those  targets  that  on  illumination  produce  unwanted  signals  at  the 
radar  display  or  processing  equipment.  In  this  paper  ve  shall  concern  ourselves  with  three  types  of 
clutter  -  ground,  precipitation  end  bird  'angels’,  in  particular  with  measurements  of  the  radar  cross- 
section  when  illuminated  with  a  10  cm.  surveillance  radar  with  different  pulse  lengths  and  polarisations. 

We  shall  not  concern  ourselves  with  the  phase  behaviour  of  the  signal. 

1.1  The  most  casual  examination  cf  an  A-acope  presentation  of  clutter  signals  reveals  the  random 
nature  of  the  clutter  signal  fluctuations,  suggesting  a  statistical  treatment  of  the  signals.  We  will 
characterise  the  clutter  by  the  probability  distribution  of  its  radar  cross-section  per  resolution  cell. 
Because  of  the  uneven  nature  of  the  terrain  we  do  not  intend  to  use  the  derived  parameters  of  croae- 

s action  per  unit  eras  or  cross-section  per  sine  of  the  angle  of  incidence. 

We  consider  the  two  cases: 

(i)  Stationary  aerial  looking  at  a  tingle  resolution  cell  where  the  clutter  echo  fluctuates  as  a 
function  of  time. 

(ii)  Rotating  aerial  inducing  fluctuations  in  the  clutter  signal  by  reason  of  its  rotation. 

1.2  The  clutter  signal  is  sampled  at  the  output  of  the  log  receiver  at  the  radar  prf  or  some  sub- 
multiple  of  it  with  a  narrow  strobe  which  bolds  the  amplitude  level  for  one  recurrence  period  during 
which  time  th».  level  ie  digitised  into  one  of  129  levels  and  printed  out  on  7  bole  paper  tape.  This 
data  tape  is  used  in  conjunction  with  programme*  written  for  the  R.R.E.  digital  computer  to  produce  the 
required  characteristics. 

The  clutter  cross-section  is  calculated  from  the  digitised  amplitude  as  follows.  From  the  radar 
equation  we  can  write,  if  we  use  the  same  radar  to  look  at  all  targets, 


where 

is  the  clutter  crosa-secticn, 

<?2  ie  the  cross-section  of  some  standard  target  such  at  a  sphere, 

P^,  ?2  ere  the  received  powers, 

R^,  Rj  are  the  ranges  of  the  targets, 

C2,  Gj  are  the  aerial  gains  at  the  appropriate  elevations. 

We  may  rewrite  P^/Pj  in  terms  of  the  squares  of  the  equivalent  voltages  v^,  v2  and  taking 
logarithms  on  both  sides  of  equation  1,  ve  have: 


10  108 10  ^  “  20  (!°8io  vi  -  iosio  V  +  40  -io(  l\)  *  20  i5Sio  {^ ) 


The  digitized  voltage  level  v  is  related  to  v  by  the  log  receiver  characteristic 


const.  l°8^o  (const,  v) 


c  log^0  v  *  const. 


vhere  c  is  the  slope  of  the  receiver  characteristic. 

Substituting  equation  O)  into  equation  (2)  ve  have: 


10  logl0  oL  -  -  (yx  -  y2)  *  40  loglo  ♦  20  lo*10  ^ 


Cj(dB) 


R  G 

C/J  -  y2>  *  40  logl0(^).  20  logl0(^).  10  log10  c2 


where  we  have  expressed  o, ,  the  cross-section  of  the  clucter  area  of  interest  in  terns  of  a  known  cross- 

1  2 
s«ction>  that  of  a  sphere,  sod  *  number  of  neasurable  parameters,  c  is  then  given  in  dB  w.r.t.  1  s  . 

2.  INSTRUMENTATION 

2.1  Sate  logging  equipment  (Fig.  1) 

Targets  within  defined  bearings  and  ranges  are  sampled  with  a  0.1  psec.  strobe,  which  is  positioned 
with  a  range  gate,  at  the  p.r.f.  or  sone  sub-aultiple  of  it.  The  held  output  is  digitized  in  an 
anslogue-to-digital  converter  and,  depending  on  the  saapling  frequency,  is  punched  out  on  paper  tape 
directly  or  stored  in  a  buffer  store  during  tho  collection  of  data  and  then  punched  out. 

The  data  tape  is  headed  with  information,  either  eet  up  on  a  keyboard  or  free  certain  recorded 
functions,  relevant  to  the  experiaent  -  data,  tine,  p.r.f.,  range,  attenuation,  etc. 

All  the  circvits  weru  designed  using  TTL  integrated  circuits  and  mounted  on  printed  boards;  each 
board  ia  desigued  to  performs  a  specific  function. 

2.2  Calibration 

To  calculate  a  froa  equation  S  we  need  to  know  the  radar  cross-section  of  the  standard  target,  a 
metal  sphere,  its  range  and  digitised  level  y2,  the  slope  of  the  overall  receiver  characteristic  and  the 

aerial  gain  in  the  direction  of  the  sphere. 

A  metal  sphere  of  diameter  l  ft.  is  used  as  the  reference  target  with  a  radar  cross-section  equal 
to  ite  projected  area.  It  is  suspended  10  ft.  below  a  hydrogen  filled  balloon  tethered  1,000  ft.  above 
the  ground  to  that  it  lies  in  the  centre  of  the  bean.  The  site  chosen,  17  n.n.  froa  the  radar,  lies  in 
the  shadow  of  *  hill  to  remove  the  possibility  of  ground  clutter  returns  froa  the  same  range  and  also 
lias  on  the  bearing  of  a  prominent  permanent  echo  for  identification  purposes.  Measurement  of  the  sphere 
echo  using  a  fixed  aerial  gave  agreement  to  within  1  dB  of  tbe  calculated  return  using  the  radar 
equation  and  measured  figures  for  losses  in  the  waveguide  feeds. 

The  aerial  gain,  C2>  when  looking  at  the  sphere,  is  the  centre  of  the  beta  gain.  The  convention 
adopted  when  locking  at  ground  clutter  is  to  use  the  one  way  3  dB  beaawidth  gain  for  G. ,  and  add  1.6  dB 

for  averaging  across  the  beam.  The  tera  20  log^  g-  in  equation  5  then  becoass  (6  *  l.<.)  dB. 

Before  each  experiaent  the  receiver  noise  figure  is  measured  and  the  receiver  characteristic  is 
checked  for  linearity,  gradient  and  intercept  using  an  S-band  signal  generator. 

3.  CROWD  CLUTTER  MEASUREMENTS 

Because  or  the  proximity  of  the  Malvern  Hills  and  the  town  of  Malvern  to  the  west  of  the  radar 

site,  the  transmitter  is  only  switched  on  during  the  N-E-S  sector.  Starting  froa  the  north  the  axes  of 

ground  clutter  returns  is  boundsd  by  the  Clsnt  Hills  (600  ft.),  the  Lickeys  (600  ft.),  the  high  ground 
(200  ft.)  running  down  towards  Eveshait  ending  at  Wood  Norton,  and  then  south  of  Evttham,  Brsdon  Hill 

(600  ft.)  and  the  Cotsvolds  (800  ft.),  a  boundary  of  betveen  18  and  20  na  froa  Malvern,  Contained  within 

this  boundary  is  typical  English  rural  country  -  farms  with  barns  and  silos  hedges,  smell  woods,  bills 
both  wooded  and  bare,  towns  and  the  ever,  present  pylons. 


wmsm  h  ™  w  «  i  -'  iitf  wtiui'g<g 
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The  rador,  a  10  cm.  surveillance  set  (see  Appendix  fot  parameters),  is  sited  t  the  foot  of  the 
Malvern  Hills;  the  aerial  is  50  ft.  above  ground  level  at  the  site  which  ia  200  ft.  above  sea  level. 


d.i 


cross-section  map  giving  median  value  uuu  iuUr^u«rtiU  range  for  each  resolution  cell 


Operating  the  radar  with  a  reduced  p.r.f.  of  63  pps  and  a  rotational  speed  of  5.26  r.p.m.  one 
pulse  per  beamwidth  (0.5°)  is  transmitted  over  on  arc  of  90°  at  constant  range.  The  area  to  be  mapped 
is  defined  by  'start'  and  'stop'  bearing  gates  and  by  an  adjustable  range  gate.  At  a  selected  range 
we  record  the  data  from  31  revolutions  o£  the  aerial,  i.e.  31  amplitudes  from  each  resolution  cell  in  the 
arc.  We  order  these  values  in  a  digital  computer  to  obtain  the  median  value  and  interquartile  range  for 
the  cross-section  for  each  resolution  cell,  the  measurements  arc  repeated  At  different  ranges  spaced 
by  the  pulse  length. 

The  constancy  of  th«  aerial  rotation  rate  was  measured  by  counting  the  number  of  pulses  received 
over  the  measurement  a.--,  for  e  number  of  revolutions  and  was  good  to  one  pulse  interval  (16  m.sec.). 

Table  1  shews  the  median  and  interquartile  range  for  cross-acztiane  of  resolution  cells  in  an  arc 
of  7.5°  containing  the  sphere  bearing  (section  2.2).  The  echo  from  the  sphere  appears  at  5.0  and  5.5 
degrees  with  very  little  fluctuation.  At  this  range  there  is  very  little  ground  clutter. 

Table  1 


Angle  0  0.5 

(degree) 

1,0  l.S  2.0 

2.5 

3.0 

3.5 

4.0  4.5 

5.0 

j.5 

6.0 

6.5 

7.0  7.5 

Median  n  n 

(dB) 

n  a  -45 

-42 

-42 

-46 

n  -40 

-19 

-14 

-31 

-40 

-17  r. 

Interquartile 

9 

19 

5 

2 

4 

2 

1 

5 

4 

2 

range  (dB) 

2 

All  median  measurements  quoted  in  dB  with  respect  to  1  a  n  indicates  that  the  median  value  is 
below  a  noire  threshold  set  so  that  there  is  a  10?  probability  of  exceeding  it.  At  the  range  of  the 
sphere  this  is  equivalent  to  -48  dB. 

A  part  of  the  general  map  is  ehown  in  rig.  2,  where  the  first  figure  in  each  column  is  the  median 
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value  of  the  cross-section  in  dB  *•  -th  respect  to  1  a  and  che  second  figure  ia  the  interquartile  range 
in  d3.  This  section  covers  c  vox.*d  hill  with  some  buildings  and  a  microwave  link  on  top  of  the  hill. 

The  buildings  are  easily  identified  by  the  absence  of  fluctuations  in  the  resolution  cell  giving  a  zero 
or  very  low  interquartile  range. 

3.2  Probability  distributions 

Although  clutter  cross-section  maps  are  of  general  interest  in  highlighting  strong  echoes  in  the 
ares  of  interest  and  their  fluctuations,  it  is  of  more  interest  to  the  radar  designer  to  know  tha 
probability  of  clutter  signals  exceeding  certain  values  over  the  area  of  surveillance  when  using  the 
radar  operationally.  More  specifically,  be  needs  to  know  the  probability  distribution  ui  th?  clutter 
cross-section  in  the  area,  the  reliance  he  can  place  on  this  distribution  under  different  seasonal 
weather  end  polarisation  changes,  the  variation  with  pulse  length  and  is  there  a  mathematical  model 
that  will  allow  biz  to  represent  clutter  behaviour  analytically.  We  have  made  «  number  of  measurements 
on  clutter  echoes  in  an  attempt  to  answer  these  questions. 

We  operate  the  radar  in  its  norms!  mode  of  e  p.r.f.  of  252  pps,  a  4  r.p.m.  rotational  rate  and  a 
pulse  length  of  5  usee.  Clutter  signals  st  a  constant  range  are  recorded  on  paper  tape  over  an  arc  of 
200°  defined  by  two  hearing  gates.  Py  changing  the  range  the  procedure  may  be  repeated  until  the  area  of 
interest  baa  bean  surveyed.  Probability  distributions  are  computed  using  the  R.8.E.  digital  computer. 

Any  probability  distribution  so  toeputed  is  only  strictly  valid  for  the  particular  radar,  terrain  end 
weather  conditions  existing  at  the  tine  of  measurement. 

3.2.1  Probability  distributions  as  a  function  of  time 

Using  tha  above  procedure  we  have  recorded  probability  distributions  for  two  different  ranges  over 
a  period  of  several  months  under  different  seasonal  and  weathei  conditions.  The  distributions  and  dates 
are  shown  in  Figs.  3,  4  and  5. 

In  each  case  the  slope  of  the  distribution  remains  rougb.y  the  some  while  the  intercept  on  the 
crose-sectiou  axis  series .  The  maxi run  shift  at  tha  .25  probability  point  is  of  tbs  order  of  5  dB  for 
both  ranges  with  a  maximal  shift  of  3  dB  occurring  on  adjacent  days.  Measurements  spaced  by  thirty 
tributes  over  a  period  of  several  hours  have  shown  a  maxima  spread  of  1.5  dB  vaiefc  i*  the  resolution  of 
the  distribution.  The  same  spread  was  obtained  by  varying  the  range  st  vhic'i  the  measurement  is  mode  by 
♦  0.3  ms. 

An  attempt  to  find  s  correlation  between  the  variation  in  the  distribution  curves  and  meteor¬ 
ological  conditions  existing  at  the  tine  of  the  measurement  has  failed.  Similarly  there  appears  to  bs  no 
seasonal  variation  in  the  distribution..  This  series  of  tusssurenents  will  continue  tor  another  twelve 
months. 
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3.2.2  Probability  distributions  ns  a  function  of  pulse  length 

Thu  above  measurements  were  repeated  with  a  pulse  length  of  O.o  usee.  {.<  reduction  of  ten  in  pulse 
length).  The  rescuing  probability  distributions  for  the  same  ranges  for  both  pulse  lengths  arc  shown  in 
Figs.  6  and  7.  It  is  seen  that  the  distributions  are  similar  in  shape  and  gradient  but  are  displaced 
from  one  another  at  the  0.2S  probability  point  by  22  dB  at  17.4  mo  and  18  dB  at  15.2  run. 

In  order  to  develop  mathematical  models  of  clutter  distributions  it  i*  usual  to  make  certain 
simplifying  assumptions  about  the  nature  cf  ground  clutter. 

We  note  first  of  all  that  the  distributions  for  grouud  clutter  may  be  approximated  by  a  lognormal 
distribution  with  a  standard  deviation  of  25  dB.  This  figure  is  supported  by  ground  clutter  area 
measurements  reported  in  3.2.4  below.  We  now  assume  that  each  resolution  cell  contains  a  large  number  of 
independent  scattercrs  uniformly  distributed  throughout  the  ceil  and  that  the  resultant  vector  from  each 
ceil  varies  in  such  a  manner  that  the  cross-section  distribution  is  log  normal  with  a  standard  deviation 
of  25  dB,  fig.  8  curve  1.  A  reduction  of  ten  in  the  pulse  length  reduces  the  resolution  cell  area  by  ten 
and  all  the  echoing  areas  are  reduced  by  10  dB,  curve  2.  We  now  make  the  assumption  that  the  larger 
resolution  -ell  contains  only  one  scattering  element  and  that  once  again  the  distribution  is  log  normal. 

If  the  pulse  length  is  now  reduced  by  a  factor  of  ten,  the  probability  of  a  given  echoing  area  is  reduced 
by  a  factor  of  ten,  curve  3.  The  difference  between  the  curves  is  AO  dB  at  the  0.05  probability  point  and 
25  dB  at  the  0.01  point. 

In  general  ground  clutter  will  lie  between  Che  two  exCreme  case?  with  fields  or  large  woods 
approximating  to  the  first  case  and  buildings  or  farm  silos  to  the  second  cast.  The  observed  difference 
in  the  distributions,  20  dB,  lies  between  the  curves  2  and  3  supporting  this  view. 

3.2.3  Probability  distribution  as  a  function  of  polarization 

The  use  of  circular  polarization  as  a  means  of  removing  precipitation  echoes  from  the  display  is 
fairly  conson.  It  is  of  interest  to  know  the  extent  of  Che  cancellation,  if  any,  cf  ground  clutter 
echoes.  Fig.  9  shows  the  distributions  when  vertically  .ml  circularly  polarized  radiation  are  trans- 
nit  ted  and  received  over  «n  area  of  ground  clutter  extending  frost  8  to  17  am  over  an  arc  of  197°.  The 
circularly  polarized'  returns  are  3  dB  lover  than  the  'linear'  returns. 
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Long  gives  an  expression  for  the  r£dar  cross-section  o..  when  transmitting  and  receiving  circularly 
polarized  radiation 


°11 


♦  o 


VH 


where  c^,  are  the  cross-secticns  for  linearly  polarized  radiation  and  is  the  cross-polarization 

cross-sectior  for  the  case  of  vegetation  where  the  elements  in  the  scattering  matrix  may  be  assumed  to 
be  statistically  independent. 


Long,  quoting  Cambell  ,  says  and  are  on  average  equal  at  X-band  and  thematic  0yy/<Jyg  is 

between  3  and  10  dB.  If  we  apply  these  results  to  the  above  expression  we  have  or  a  3  dB 


difference  as  computed.  We  interpret  this  to  aesn  that  the  same  ground  echoes  on  average  will  be 
obtained  when  transmitting  and  receiving  with  either  linear  polarization  and  that  there  is  very  little 
cross-polarization. 


3.2.4  Probability  distribution  over  the  total  area  surveyed 

Figs.  10,  11  show  the  probability  distribution  of  echoing  areas  for  the  area  of  interest.  It  should 
be  emphasised  that  the  echo  cros.  -sections  are  not  normalized  to  unit  area  or  corrected  for  elevation 
angle.  Fig.  10  covers  an  area  defined  by  5  to  20  mile  range  rings  and  354°  -  197°  bearing  gates.  Records 
were  taken  at  l  mile  intervals  with  a  5  pace,  pulse  on  8.8.69.  The  curve  is  linear  out  to  the  52 
probability  point  with  a  standard  deviation  for  the  distribution  of  27  dB.  Below  the  5S  point  the  curve 
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falls  off  mere  rapidly  until  the  probability  of.  exceeding  37  dB  v.r.t.  1  m  is  0.32.  On  the  29.9.69  the 
measurements  were  repeated  over  a  smaller  lector  of  45°  -  135°  and  a  range  interval  from  7.5  -  18  na  at 
0.5  mile  intervals,  again  with  a  5  usee,  pul.te.  Fig.  11  shows  the  resulting  distribution  which  has  a 
standard  deviation  of  25  dB.  The  two  curves  are  almost  identical  in  shape. 

When  comparing  the  ground  clutter  from  various  sites  we  must  remember  that  the  spatiol  clutter 
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distribution  is  unlikely  to  be  the  same.  We  therefore  select  a  threshold  of  0.1  a  that  removes  the  maker 
and  less  important  echoes  and  coapuCe  the  probability  distributions  for  cross-sections  greater  than  this 
threshold.  The  new  distribution,  shown  in  Fig.  12,  hss  a  standard  deviation  of  17  dB  compared  with  25  dB 
before  applying  a  threshold. 

4.  RAIS  CUJ  TTES  MEASUREMENTS 

4.1  Probability  distributions 

Fig.  13  shows  a  number  of  experimentally  determined  probability  density  distributions  of  rain 
echoes.  Each  distribution  is  computed  from  consecutive  returns  from  a  single  resolution  cell  <5  usee, 
long)  seen  with  a  fixed  aerial  and  range  gate.  The  sampling  frequency  is  252  ops.  If  wa  assume  the  cell 
to  be  filled  with  a  large  number  of  independent  esatterers  of  roughly  equal  scattering  cross-section  then 
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it  can  ha  shown  that  the  crobahi.  iv  distribution  ia  a  Rayleigh  diatribution  which  transforms  to  a  log 
Rayleigh  distribution  for  our  processing  equipment.  Tne  log  Rayleigh  diatribution  is  shown  as  the  full 
curve  in  Fig.  13.  It  is  seen  that  the  experimental  points  are  a  reasonable  fit  to  it. 

Similar  measurements  were  made  with  a  0.5  usee,  length  pulse  and  a  comparison  made  between  the 
probability  distributions  for  the  two  pulse  lengths.  The  distributions  are  shown  in  Fig.  14.  He  see 
that  compared  with  the  predicted  10  dB  for  a  10:1  change  in  pulse  length  and  hence  resolution  cell  volume 
we  have  e  mean  VAlue  of  11.7  dB  with  a  spread  of  *  1  dB. 

An  attempt  was  made  to  check  the  measured  cross-sections  against  calculations  based  on  the  rain¬ 
fall  rate.  This  failed,  probably  because  the  rain  gauge  war  not  recording  the  rainfall  seen  by  the 
radar.  Attempts  to  repeat  these  measurements  have  been  hampered  by  the  lack  of  rain  in  England  this 
suaaer! 


4.2  Cancellation  of  rain  echoes  with  circularly  polarized  radiation 

Measurements  wero  made  on  Che  degree  of  cancellation  obtained  with  circularly  polarized  radiation 
compared  with  vertically  linear  polarized  radiation.  The  polarizer  was  of  the  conventional  three  layer 
wire  grid  type.  In  all  the  measurements,  the  median  value  of  the  distribution  obtained  was  used  as  the 
average  figure.  Fig.  15  shows  a  graph  of  cancellation  (dB)  against  scattering  cross-section  in  dB  w.r.t. 
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1  m  for  a  constant  volume  resolution  cell.  For  comparison  is  shown  the  cancellation  of  24  dB  obtained 
with  a  metal  sphere  suspended  in  the  centre  of  the  radar  beam.  Examination  of  the  rain  echo  cancellation 
gives  a  median  value  of  20.7  dB  for  all  results  with  an  interquartile  range  of  2.1  dB.  Attempts  to 
correlate  the  poorer  cancellation  figures  at  higher  cross-section  values  with  unusual  weather  features 
have  failed. 

5.  CLEAR  AIR  TURBULENCE 

Fig.  16  shows  a  photograph  of  a  PP1  display  taken  cn  the  afternoon  of  Sept.  9th,  1968.  The  inner 
20  nm  (the  range  rings  are  spaced  by  10  nm)  is  predominantly  ground  clutter  but  from  twenty  to  thirty 
ail ea  we  see  a  number  of  parallel  streaks  spaced  by  some  2.5  nm  and  merging  into  noise  around  33  nm 
which  implies  they  are  running  out  of  the  bottom  of  the  beam  at  a  height  not  leas  than  1,000  ft. 

On  this  particular  day  ten  hours  of  sunshine  was  recorded  with  no  perceptible  cloud.  The  wind 
at  ground  level  was  15  knotc-  from  a  bearing  of  160°,  parallel  to  the  streaks.  A  alight  inversion  was 
reported  between  3,000  and  4,000  ft.  capping  a  layer  of  clear  air  convection  from  the  ground 

He  suggest  that  the  rising  air  trapped  under  the  inversion  layer  produces  a  humidity  gradient 
which  results  in  refractive  index  inhomogencitics  at  the  inversion  layer.  The  echoes  are  obtained  by 
scattering  from  these  inhomogeneities. 

6.  ANCELS 

A  aeries  of  measurements  have  been  made  on  angel  activity  during  the  height  of  the  bird  migration 
seasons  ia  England.  As  described  in  3.2  we  computed  probability  distributions  for  angel  cross-sections 
over  an  arc  of  90°  at  c  range  chosen  to  be  free  of  ground  clutter.  Observations  made  during  the  Spring 
migration  in  1969  produced  a  log  normal  probability  distribution  with  s  mean  at  140  cm*  and  a  standard 
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deviation  of  7  dB.  This  may  be  contrasted  with  s  mess  figure  of  9  cm  for  one  night  the  previous  Autumn. 
Whether  the  difference  is  due  to  small  end  large  birdc  or  small  birds  videly  spaced  and  small  bird* 
closely  spaced  in  flight  is  not  easy  to  infer  end  we  do  not  propose  to  do  so. 

Using  the  technique  outlined  in  3.1  the  engel  activity  was  monitored  over  a  period  of  several  hours 
from  19.40  BST  to  01.10  BST  one  night  -  most  migrating  movements  take  place  at  night.  At  19.40  the  median 
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value  of  the  distribution  was  10  cm  with  70Z  of  the  observed  resolution  cells  containing  signals  greater 
than  noise  peaks  with  a  .01%  probability  of  occurrence.  This  noise  level  has  an  equivalent  cross-section 

2  2 
of  2.5  cm  .  By  23.10  the  median  value  had  fallen  to  3.5  cm  with  55%  of  the  cells  above  noise, 

7.  C ROUND  CLUTTER  MODEL 

One  of  the  difficulties  in  constructing  a  model  of  ground  clutter  is  that  large  scale  features  of 
the  terrain  such  ae  mountains,  man  made  objects,  etc.,  which  produce  the  low  frequency  fluctuations, 
vary  so  much  with  different  radar  sites.  We  attempt  to  remove  these  variations  from  site  to  site  by 
subtracting  out  an  'average'  signal  and  examining  the  probability  distribution  of  the  deviation  from  the 
average  signal,  namely  the  higher  frequency  component  which  is  of  importance  in  M.T.I.  design.  We  do 
this  by  taking  the  difference  between  the  instantaneous  signal  and  running  mean  of  twenty-seven  consecutive 
signals  -  equivalent  to  five  beamuidths  -  using  the  experimental  observations  and  computing  the  probability 
distribution  of  those  fluctuations  whenever  the  running  mean  is  greater  than  noise.  Fig.  17  shows  the 
resulting  distribution.  The  distribution  is  log  normal  with  a  standard  deviation  of  six  decibels. 

We  propose  the  following  model  to  describe  the  fluctuation  signal.  The  clutter  signal  is  assumed 
to  arise  from  a  number  of  uniformly  distributed  scattering  centres.  The  signal  for  each  scattering 
centre  ie  taken  from  a  population  which  has  a  log  normal  probability  distribution  of  power  and  random 
phase.  The  vector  sum  of  n  signals  gives  the  resultant  for  each  resolution  cell.  As  the  aerial,  with 
e  rectangular  polar  diagram,  scant  across  the  clutter  area  so  scatterers  arc  discarded  and  new  acatterers 
added  to  the  Illuminated  area.  When  s  standard  deviation  of  6.9  dS  is  assigned  to  the  scattering  centre 
power  distribution,  the  computed  probability  distribution  for  1,000  signals  is  as  shown  in  Fig.  18.  The 
standard  deviation  is  5.2  dB  and  v*  compare  it  with  the  computed  distribution  based  on  ezperistentsl 
measurements  made  at  Malvern.  The  line  is  the  log  normal  curve  with  e  standard  deviation  of  5.2  dB. 
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The  very  t>oo<l  agreement  between  the  curves  indicates  that  the  model  is  a  valid  one.  Fig.  19  it  a  graph 
o£  the  standard  deviation  of  the  resultant  signal  distribution  as  a  function  of  the  standard  deviation  of 
the  original  distribution  and  the  number  of  suaaations  in  each  resolution  cell. 

Uc  now  aoply  this  oodel  to  predict  the  probability  distribution  of  clutter  with  pulse  lengths 
differing  by  e  factor  of  ten.  The  scatterers  distribution  has  a  standard  deviation  of  12  dft  and  there 
are  12  scatterers  per  resolution  cell  and  four  pulses  per  beauwidth.  Uting  Fig.  19  the  standard 
deviation  of  the  resultant  distribution  is  6  dB.  By  reducing  the  number  of  scatterers  to  1.2  the 
resultant  standard  deviation  is  increased  to  9  dB.  Fig.  20  shows  curves  cooputea  from  measurements  made 
at  Malvern  vith  5  usee,  and  0.5  usee,  pulse  lengths.  The  standard  deviations  are  the  same  as  those 
obtained  from  the  clutter  model  above.. 

The  proposed  model  shows  considerable  promise  in  predicting  the  behaviour  of  fluctuating  clutter 
signals.  More  work  will  have  to  be  done  in  extending  the  model  to  deal  with  clutter  signals  at  a  number 
of  different  sites  to  ensure  its  generality. 

A.  CONCLUSIONS 

Ct-wnd  clutter  echoes  seen  with  a  grazing  incidence  10  cm.  radar  have  been  measured  and  shown  to 
have  a  lu;  normal  probabilitv  distribution.  The  variation  of  the  probability  distribution  as  a  function 
of  time,  pniue  lenfth  and  polarization  has  been  examined  with  the  following  conclusions 

<i)  Time 

The  variation  of  the  probability  distribution  shows  itself  in  a  constant  slope  for  the 
cumulative  curve,  that  is,  a  constant  standard  deviation,  and  a  shifting  intercept  with  a  maximum 
spread  of  S  dB.  An  attempt  to  find  a  correlation  with  meteorological  conditions  and  seasonal 
variation  hac  failed. 

(ii)  Pulse  length 

X  change  of  10:1  in  pulse  length  produces  a  20  dB  reduction  in  the  clutter  cross-section  at 
the  0.25  probability  point.  By  moving  to  shorter  pulse  lengths  a  considerable  reduction  in 
clutter  signal  strength  is  achieved. 

(iii)  Polarixation 

The  same  echoes  on  average  are  obtained  when  transmitting  and  receiving  with  any  plane  of 
linear  polarization.  There  is  very  little  cross-polarization. 

Measurements  on  rain  have  supported  the  theoretical  predictions  of  c  log  Kayleigb  distribution  for 
the  signals  from  a  resolution  ceil  as  a  function  of  time  and  a  signal  strength  reduction  in  the  ratio  of 
the  pulse  lengths.  For  a  10:1  reduction  in  pulse  length  a  11.7  ♦  1  dB  reduction  in  signal  strength. 

An  outline  of  a  possible  ground  clutter  model  which  removes  the  terrain  variations  and  models  the 
higher  frequency  components  of  the  signal  is  given.  Measurements  with  different  pulse  lengths  are 
compared  with  the  prediction*  of  the  model  and  good  agreement  baa  been  obtained. 
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APPENDIX 


Operating  frequency 


pulsed,  surveillance 


252  pps 


Pulse  length 

Plane  of  polarization 

Aerial  rotation  rate 


5  usee. 

vertical 

it  rpm  (normal) 


Receiver  I.F.  bandwidth 


200  kHz 


Video  receiver 


logarithmic 


3  dB  Beaavidth,  azimuthal 


elevation 


Centre  of  bea 


Detector 


envelope 


No  integration 
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Fig.  1 

Block  diagram  of  M'uipmmt 

Angle 

(deg) 

10.6 

11.1 

Range  (n*) 
11.6  12.1 

12.6 

13.1 

13.6 

70.0 

•  8.4 

♦  4.10 

15.6 

26.9 

15.7 

5.6 

-19*9 

70.5 

-  4.0 

12.3 

22.5 

36.2 

10.5 

5.4 

-12.0 

79.0 

1.0 

23.10 

22.6 

37.2 

13.6 

14*10 

-10.6 

79.5 

6.10 

29.5 

23.6 

37.0 

23.4 

21.4 

5.10 

00.0 

18,7 

21.8 

22.6 

37.1 

20,9 

6.11 

—  4.0 

00.5 

25.3 

24.6 

2i*6 

33.6 

28.6 

5.7 

•  1.10 

01,0 

16.6 

29.0 

20.9 

30.5 

30.5 

13.5 

-12.10 

01.5 

8.6 

24*6 

30.4 

31.5 

30.5 
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Fig.  11  Probability  distribution  of  clutter  cross-section  over  an  area 
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P.P.X.  photograph  of  clear  air  turbulence 
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SUMMARY 

A  knowledge  of  the  frequency  spectra  of  r<ldar  clutter  ic  essential  fa-  the  design  cf  new  radar 
systems  and  the  acaes6»ent  of  the  performance  of  existing  Moving  Target  Indicators  (KTI).  This  paper  oon- 
bists  of  two  parts: 

t.  the  theoretical  prediction  of  the  spectral  parameters  of  rain  clouds j 

2.  the  instrumentation  for  measurement  of  clutter  Bpectra. 

In  the  first  part,  a  new  model  for  calculation  of  the  mean  doppler  speed  add  the  standard  deviation 
of  the  velocity  spectrum  of  rain  clouds  is  described.  These  values  are  computed  as  a  function  of  different 
parameters  using  numerous  measured  wind  profilee.  Their  statistical  evaluation  is  followed  by  a  comparison 
of  our  model  with  the  linear  wind  shear  model. 

In  the  second  pari,  equipment  for  the  measurement  of  the  fine  structure  of  radar  doppler  spectra 
ia  described.  Some  spectra,  obtained  with  the  help  of  a  Past  Fourier  Transform  and  sample  weighting,  are 
shown  as  well. 

1.  INTRODUCTION 


If  frequency  discrimination  techniques  are  used,  the  ability  of  an  KTI  radar  system  to  reject  un¬ 
wanted  clutter  signals  depends  to  a  large  extent  on  the  short-term  power  spectrum  of  the  clutter.  For  both 
the  design  of  new  radar  system  and  the  evaluation  of  existing  ones,  the  availability  of  a  complete  "clutter 
spectrum  catalogue"  would  be  highly  appreciated.  Already  in  1949  Barlow  (Bef.  l)  reports  Gaussian  power 
spectra  for  different  kinds  of  clutter,  characterized  by  experimentally  determined  coefficients.  These 
results,  which  are  quoted  in  a  current  text  bock  on  radar  (Skolnik,  Ref.  2)  seem  to  be  used  frequently  in 
KTI  design  and  evaluation. 

Since  in  the  meantime  considerable  progress  has  been  made  in  signal  processing  techniques  as  well 
at  in  tha  design  of  appropriate  analysis  equipment,  new  efforts  are  being  made  to  obtain  short-term  power 
spectra  for  radar  clutter  (see  for  instance  Ref.  3  and  Ref.  4). 

However,  the  establishment  of  a  "clutter  ctrum  catalogue”  has  of  necessity  to  be  based  on 

numerous  observations.  On  the  one  hand  it  is  diff.  It  to  find  a  clutter  environment  or  situation  which 
could  be  called  "typical",  while  on  the  other  most  of  the  measurements  obtained  will  depend  on  the  actual 
meteorological  conditions  obtaining  at  the  tiate.  In  many  cases,  therefore,  the  statistical  evaluation  of 
individual  measurements  could  lead  to  meaningful  results. 

Moreover,  since  clutter  spectra  probably  vary  according  to  the  frequency,  polarization  and  confi¬ 
guration  of  the  radar,  the  analyst  is  faced  with  a  large  number  of  different  parameter*.  Owing  to  these 
further  complication*,  a  joint  effort  on  the  part  of  several  organizations  is  required,  in  order  to  obtain 
a  universal  answer  to  the  problem. 

In  the  first  part  of  this  paper  we  have  described  a  theoretical  study  of  the  spectral  properties 
of  rain  clouds,  in  which  measured  wind  data  are  used  to  calcclate  the  parameters  of  interest. 

In  the  second  part,  we  give  the  description  of  a  piece  of  equipment  which  we  designed,  for  the 
measurement  of  ehort-tera  doppler  spectra  in  respect  of  clutter  or  useful  signals,  with  a  high  frequency 
resolution  and  dynamics. 

2.  PART  I  -  TilS  THEORETICAL  PREDICTION  OF  THE  SPECTRAL  PARAMETERS  OF  RAIN  Cl^tD  ECHOES 


In  order  to  calculate  the  spread  of  the  velocity  spectrum  of  rain  clouds  Kathacsor  and  Reilly 
(Refs.  5  L  6)  considered,  ir.  a  recent  paper,  four  different  effects.  For  reasons  of  statistical  inde¬ 
pendence,  the  variance  of  the  resulting  spectrum  may  be  Witten: 


2  2 

°shear  +  °bea 


+  °turb  +  °fall 


The  terms  represent  the  contributions  from  wind  shear,  beam  broadening,  turbulenc*  ani  fail 

velocity,  respectively. 


Kathanson  and  Reilly  show  that  for  grouixi-beaad  surveillance  radars,  only  wind  shear  aca  iurbulet.ee 
have  to  be  considered.  The  ter*  3^,^  is  found  tc  be  independent  of  range  and  equal  to  approx.  1  m/sec. 

In  their  study  the  standard  deviation  of  the  spectrum,  due  to  wind  ehear  and  rtpreser.icd 
was  calculated  for  a  Gaussian  antenna  beam  using  a  linear  wind  shear  model. 
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Thuae  aseuaptio.itj  -  vi«»  relatively  ample  formulae  -  lead  to  ^tjjoal.-va^u®8  in  eaceaa  of  1  m/sac  for  ranges 

froo  the  rat'ar  frco  1«J  kllooet/eB  ua  to  aou-e  one  hundred  kiloaatrou.  depending  on  the  wind  ohaar  ojndient 
and  the  height  of  tha  upper  aloud  coiling. 

Although  the  averego  wind  ahnar  gradient  used  in  theae  calculations  was  derived  freo  balloon 
tracking  measurements  U  White  danda,  Keu  Mexico,  we  felt  that  the  use  of  individual  wind  pre'ilca  for 
calculation  of  the  spectral  pararietera,  followed  by  a  atatiatical  evaluation  of  the  results,  would  give 
more  generally  reliable  values  «..d  show  up  seasonal  variations,  »o  well  as  the  degree  of  dependence  on  the 
direction  of  the  radar  beam. 

Moreover  since  the  approximation  in  respect  of  the  wind  p: of lie,  which  was  obtained  by  means  of  a 
linear  function  is  rnly  valid  for  the  lower  levels  up  to  the  height  of  the  jot  stream,  clouds  with  upper 
ceilings  ae  high  as  13  kilometres  (Kef.  7),  could  not  be  taken  intv.  nciount  in  the  linear  model. 

In  order  to  obtain  representative  results  for  European  conditions,  wo  decided  to  use  wind  profiles 
recorded  in  Vienna  (Kef.  3),  theae  being  typical  for  Central  Europe,  at  least  as  far  as  the  higher  layers 
which  interest  ua  meet  (Kef,  9)  are  concerned. 

2.1  MODEL  DESCRIPTION 

The  basic  i  or  oral  a  for  the  received  power  of  a  clutter  signal  flea  a  unit  voluite  is: 

r  -  Tj  f,(?)2  •  f2(e)2 

where! 


W 


•  range  in  beam  direction,  kn 

»  vertical  angle  fro*  central  line  of  bean,  radians 


?j(?)  *  vertical  one-way  antenna  gain  function 
3  •  horizontal  angle  fro*  central  line  of  beaa,  radians 


f 2( Q)  -  horizontal  one-way  antenna  gain  function 

?•  *  constant,  representing  a  set  of  parameters  related  to  the  antenna  and  to  the  reflecting 

aediuje. 


The  actual  value  of  P*  does  not  need  to  be  determined,  since  it  will  be  cancelled  out  in  the  final 
o 

expression  for  the  standard  deviation. 

The  power  received  from  the  volume  element  described  when  the  plane  figure  dS  in  Pig.  1  i3  moved 
de  will  be: 

pi 

dP  -  *■,(< f)£  .  f2(e)2  .  u5  .  Ro  .  d3 

*9 

pt 

-  f^y)2  .  f2(6}2  .  dS  .  d8 

R 

*  2 
If  v,  is  the  vied  speed  in  the  beaa  direction  we  obtain  (by  nultiplying  dP  by  v„  and  v„  )  an  in¬ 
finitesimal  contribution  to  the  first  and  second  Boaent,  respectively,  froo;  the  received  power” relative 
to  the  wind  ape*d. 


Let  W.  denote  the  first  and  K„  the  eecsnd  motsant  and  1st  P  be  replaced  by  KQ.  We  then  have  the 
following  formula: 

P« 

dni  -  */q  flfV}2  .  r2(e>2  .  dS  .  d9  }  i  -  0,  1,  2 
*9 

Per  the  cloud  region  C,  the  respective  moments  will  be 
rrr  f* 

K,  »  fjf  v~  -4  f.(<5}2  .  f s(9)2  .  dS  .  d8  j  t  -  0,  1,  2  (1) 

A  J  t/e,  **  0-5  1  < 

C-  \ 

end  0,  the  standard  deviation  fro*  the  mean  relative  to  the  wind  speed,  is  obtained  fro*  the  equation! 


The  wind  conditions  at  any  given  point  are  given  by  the  absolute  wind  speed  and  the  direction  re¬ 
lative  to  the  seridisn.  The  model  assunes  no  vertical  wind  component  and  no  alterations  in  the  wind  vector 
in  the  horizontal  plane.  For  a  given  direction  of  tha  antenna  be**,  'll  then  oe  the  scalar  produei  of 
the  wind  vector  and  a  unit  vector  parallel  to  the  baa*. 


Fro*  Fig.  2  we  tee  that  the  angle  (3  varies  with  tha  range.  Tbit-  sean*  that  v.  will  be  a  function, 
not  only  of  the  beats  direction  aod  the  height,  but  also  of  the  range. 
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in*  pcm  *xi*nd  xroa  -w^  io  0^  in  wi#  iiuiifonvil  uixoAUvrii  Wl*5r«  “ ^  <m««  ■»  2  kvj*rc5cji*  pnw^tix'c 

angles.  Thin  means  that  f2(0)  1°  ec,ual  to  0,  outside  the  interval  <-0^,  @2>. 

The  model  sauuaes  this  interval  to  he  so  small  that  Vg  »  vg  for  -6^  <  9  <  8^  whore  vQ  io  the  wind 

speed  for  9  »  0.  Furthermore,  it  assumes  teat  the  oloud  region  C,  always  includes  the  integration  path 
from  -9^  to  02.  Heno3  (1)  can  be  rearranged  as  followot 

8, 


»i  -  ff  vo  *,<*>*  •  <»s  .  p*  f  r,(e)2  . 
i  %  -e. 


d8 


S  "(p 

where  S  io  the  iutorsectlon  between  the  cloud  region  and  a  vertical  plane  through  tho  antenna  position. 
02 

Now,  since  P*  J  f2(9}?  .  d0  is  independent  of  i  (as  well  as  of  height  and  range)  it  will  be 


cancelled  out  in  the  expression  for  o.  if  we  then  represent  this  constant  by  P  and  further  replace 
f  1  by  f(<p),  we  haves  0 


Ki-pJJv»3f!?)2-ds 


(!) 


where: 


S 

% 


p0  -  p;  /  f2(®)2  •  d6 


where: 


_01 

Since  the  integral  (2)  has  to  be  determined  numerically,  it  was  found  most  convenient  to  express 
3^,  ?  and  dS  as  functions  of  the  height  H,  together  with  the  range  along  the  earth's  surface,  a.  This  led 

to  the  following  expressions: 

-  ^'h2  +  a2  .  (1  *  H/A) 

9  '  u  -  *  " 
dS  «  (1  ♦  H/A)  .  dH  .  dH 

A  ■  apparent  earth  radius  (“  3  •  6370  km) 
u  -  cos"1 [(a*  +  R2  -  H2)  /  (2  .  Rc  .  R  )} 
w  -  R  /  (2  ,  t) 

(pel  -  angle  of  elevation 

R0  -  a  -  £{R3  /  (2  •  a)2} 

The  integral  (2)  over  the  area  determined  by  the  ranges  R.  and  R.,  the  heights  h  and  H,  and  the 
tangent  line  through  the  antenna  position  on  Fig.  3,  will  then  bet 

H  Ht(K) 

*imPof  f  a>i  *  rTSThT  r{9(Rt  H>|2  *  0  +  H/A)  *  “  ’ 


dH 


h  a 


1 


where  the  variables  B  and  E  are  added  to  the  funotlon  names  to  clarify  the  dependency. 


For  H  <  Ht  (see  Fig.  3) 


and  for 

V  the  antenna  hew  is  of  specifically  gauasian  shape,  7(9)  say  be  aet  equal  to: 
f(<?)  -  exp(-<y2/4c£) 

whore: 

°A  "  0,297  H 

<pA  »  vertical  one-way  antenna  beam  width  (radians) 

Is  oar  wind  shear  model  we  assume  that  the  clouds  under  consideration  are  homogeneous  and  that  no 
attenuation  of  the  radar  wave  takes  place  within  the  area  of  interest  to  us,  while  in  addition  the  thickness 
and  height  of  the  clouds  nut  be  defined  in  accordance  with  the  cloud  situation  with  which  the  investigation 
is  linked. 


at(H)  -  y!2  .  H  .  A  (1  -  $5  .  f) 

3aH.  *  »  x 

Et(E)  -  Rg 
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A  computer  pjogruaB*  hasea  on  tnis  node;  naa  Man  developed.  ma  following  dais  n*y  be  eapioyed 
la  input  data  for  the  computer  programme; 

a.  the  tabulated  wind  data; 

b.  the  vertical  beam  width; 

c.  the  angle  of  elevation  of  the  boas; 

d.  the  upper  ar.d  lower  cloud  ceilings; 

e.  the  upper  and  lower  radar  range. 

The  vertical  antenna  gain  function  Can  be  represented,  as  an  alesentary  funotlont  or  as  a  numerical 

table. 

The  mean  value  of  the  valocity  speotrua,  v,  which  is  obtained  aa  a  by-prcduot  of  the  calculation 
of  the  standard  deviation,  is  printed  out  aa  well. 

2.2  RESULTS 

In  order  to  obtain  statistical  infontation  with  regard  to  the  staoiard  deviation  and  the  aean  value 
of  the  valocity  speutru*.  we  calculated  the  ooiresponding  o  and  v  values,  as  a  function  of  range  end  bear 
direction,  for  the  whole  of  the  year  1956*  using  two  wind  profile  netaureaenta  per  day  (Ref.  8).  The  con¬ 
tribution  of  turbulence  to  the  spectra  Bust  be  added,  of  course,  to  the  final  reault  of  our  study.  Our 
calculations  are  for  AS  •  i?2  -  R1  -  1  km. 

In  the  first  osse  reported  here,  the  cloud  layer  chosen  was  fro*  four  to  eight  loss  in  height.  The 
calculation  rebates  to  a  Qaussia r.  vertical  antenna  beam  (3°  half  power  one-way  antenna  be  as  width,  angle  of 
elevation,  1.5  ),  the  resulting  o  and  v  values  being  grouped  into  two  sionihly  periods  which  were  subse¬ 
quently  averaged.  The  results  are  shown  in  Figures  4*  5*  °  and  7*  In  Fig.  4  the  standard  daviation,  a,  for 
the  velocity  spectra*,  is  calculated  on  the  basis  of  approx.  120  values  aaoh;  it  is  given  as  a  function  of 
the  season,  for  a  radar  range  of  H  »  100  las.  The  four  different  lines  represent  four  different  team 
directions,  o paced  at  45  degrees.  It  should  be  noted  that  tho  5- value a  for  opposite  bean  directions  are 
equivalent,  and  therefore  not  represented  on  the  figure.  Owing  to  the  fast  that  tha  wind  vector  changes 
direction  in  accordance  with  its  height,  onljr  snail  differences  in  c-vdues  for  different  be  as  directions 
ore  observed.  In  Fig.  5  w*  have  plotted  the  G-valuea  for  sore  than  one  radar  range.  In  order  to  simplify 
the  graph,  the  spread  for  different  beaa  directions  is  indicated  by  the  limit  sign,  i.a.,  all  the  a-  values 
far  the  different  been  directions  are  to  be_fcuad  within  the  licits  indicated.  Depending  on  the  Indication 
obtained  fro*  the  linear  wind  shear  modal,  o  increases  as  a  function  of  R  and  reaches  a  saturation  point 
which  in  its  turn  in  dependent  on  the  level  cf  the  upper  cloud  ceiling.  As  a  result  of  truncation  of  the 
antenna  bias,  the  5-values  approach  sero  in  the  case  of  extreae  distances  fro*  the  radar.  The  absolute 
values  obtained  will  later  be  compared  with  those  derived  fro*  the  linear  sod el.  Fig.  5  shows  a  considerable 
change  in  5-values  fro*  Jan.-Febr.  ’to  Kay-June.  This  is  probably  due  to  tl-a  fact  that,  in  Central  Europe, 
the  westerly  winds  are  generally  lees  strong  in  springtime. 

In  Figures  6  and  7,  for  Jxa.-pebr.  and  Kay— June  respectively,  the  aean  wind  spaed  in  tha  be  aw 
direction  is  given  as  a  function  of  aximutb  angles  for  three  different  radar  ranges.  Tha  graphs  show  that 
the  aean  valocity  is  higher  in  winter  end  that  the  Man  wind  direction  seen  by  the  radar,  changes  fro* 

WSW  in  winter  to  W  in  the  spring. 

To  obtain  Fig.  8,  we  used  a  cosecant  antenna  baa*  (approx.  5  degrees  one-way  half  power  beaa  width, 

2  degrees  angle  of  elevation)  and  left  the  remaining  parameters  unchanged.  Whereas  tha  gens r nl  behaviour 
of  the  5-values  vis-1 -vis  the  eeasonal  ones  remains  the  sane,  an  increase  in  the  absolute  value  and  a  de¬ 
crease  of  the  range  dependence  factor  are  noted. 

Our  statistics  for  the  O-raluea  show  that  they  represent  a  confidence  level  of  approx.  60)C. 

Aa  far  ae  tha  linear  ahap-  of  the  individual  wind  shear  velocity  speotrua  is  concerned,  we  fotuid 
that  it  is  not  Gaussian.  At  a  mm  width  and  elevation  of  3  degrses  however  we  found  that  more  than  7 Ojl  of 
the  total  power  was  concentrated  at  the  aean  velocity  v  within  the  interval  <v  -  c,  v  +  c>.  Two  of  tha 
line  shapes  we  calculated  are  shown  ct  Fig.  9*  It  should  be  noted  thet  in  reality  these  lines  will  be 
modulated  by  the  turbulence  offset. 

2.3  COMPARISON  WITH  THE  LINEAR  MODEL 

If  we  use  (in  our  aodel)  a  linear  wind  profile  instead  of  a  measured  profile  we  obtain  the  sane 
o-valceo  aa  those  obtained  with  the  help  of  the  Naihanson  and  Reilly  model.  The  use  of  measured  wind  pro¬ 
files,  however,  loads  to  appreciably  different  results.  These  differences  ere  shows  is  Fig.  10,  whore  a 
is  plotted  as  a  range  funotion  for  the  linear  aodel  [wind  shear  gradient  K  ■  5.7  a/seo.ka  (see  Ref.  5)] 
and  tha  O-values  for  our  aodel.  Except  in  the  case  of  the  wind  profiles,  no  other  parameters  have  bean 
changed. 


2.4  CONCLUSION 

In  this  part  of  the  paper  we  have  shown  how  our  wind  shear  acdel  is  used  to  obtain  statistical 
information  concerning  the  parameters  of  rain  cloud  spectra.  These  parameters  depend  largely  on  the  radar 
antenna  configuration.  Wb.reaa  the  aean  velocity  v  seen  by  Use  radar  variee  aa  a  funotion  of  asimoth 
direction,  the  standard  levialion  3  of  the  velocity  speotrua  can  be  considered  as  being  independent  of  it. 
For  a  particular  season  and  a  given  radar  range  the  study  above  that  in  order  to  achieve  reasonable  can¬ 
cellation  factors  for  rain  clouds,  an  asimuth  dependent  velocity  compensation  is  necessary,  while  •  varia¬ 
tion  of  the  for*  of  the  pass  band  of  the  MTI  filter  ie  not  needed. 


r* 
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3-  PART  IT  -  INSTRUMENTATION  FOR  THE  XKASUR2MER7  CP  CLUTTER  SPECTRA 

3.1  DESCRIPTION 

Since  the  entire  clutter  spectrum  seen  by  a  coherent  impulse  radar  ia  the  result  of  convolution 
of  an  individual  clutter  spsotrum  with  tho  discrete  spectrum  of  the  transmitted  pulse  train,  th«  clutter 
spectrum  is  accurately  reproduced  at  every  pulse  repetition  frequency  lino  (prf  line),  always  provided 
that  the  pulse  ropetitior.  frequency  is  high  onough  to  prevent  overlapping  of  the  spectra.  We  therefore 
decided  to  filter  out  a  small  frequency  band  of  the  spectrum,  covering  at  least  two  pulse  repetition  fre¬ 
quency  lines.  In  practice,  a  band  of  3  kHz  was  chosen,  to  allow  for  pulse  repetition  frequencies  of  up  to 
almost  3  kKr.  In  ordor  to  prevent  duplication  of  the  Doppler  lines  on  either  side  of  the  prf  lines,  a 
single  side  band  filter  is  used  in  an  intermediate  froquoncy  stage. 

Figure  11  shows  ths  block  diagram  of  tho  system  we  designed  for  assessing  the  fine  structure  of 
the  short-time  power  spectra  of  pulse  radar  signals. 

The  intermediate  frequency  signal  available  at  the  output  of  the  radar  receiver  is  gated  to  select 
the  sector  and  range  ring  of  interest,  ■’’he  gates  are  digitally  generated,  using  the  north  marker,  the 
asimuth  change  pulses  (ACP)  and  the  radar  trigger.  The  window  is  superimposed  on  the  radar  video  signal 
and  thus  appears  on  the  PP1.  The  gated  IP  signal  enters  the  down  converter  together  with  the  COHO  signal 
and  is  coherently  mixed  down  to  zero  frequency  in  several  steps.  The  single  side  band  filtor,  which  has 
a  bend  width  of  3  kHz,  is  used  in  a  100  kHz  stege.  The  band-limited  low  frequency  signal  at  the  output  of 
the  down  converter  can  be  monitored,  recorded  or  analyzed  in  real  time.  In  cases  where  no  computing  faci¬ 
lity  is  available  near  the  radar  station,  the  signal  is  recorded  on  analogue  tape.  In  the  play  back  node 
the  analogue  signal  is  sampled  at  a  rate  of  6  kHz  and  converted  from  analogue  to  digital  format.  The 
digital  word  has  a  length  of  10  bits,  in  ordsr  to  guarantee  dynamics  of  at  least  60  dB<- 

The  digital  time  domain  signal  is  sent  to  a  digital  computer,  where  the  calculation  of  its  power 
spectrum  ia  performed,  using  a  Pant  Fourier  Transform  (FFT)  method.  (Ref.  10).  Depending  on  whether  the 
signal  being  studied  ia  continuous  or  not,  rt  is  weighted  prior  to  computation  of  the  spectrum.  In  cases 
where  a  "Banning  function  i°  used,  the  first  side  lobe  of  the  spectral  window  is  decreased  to  about  Zf 
of  the  amplitude  of  the  main  lobe  (Ref.  it). 

The  calculated  power  spectrum  is  automatically  plotted  by  the  computer  in  accordance  with  the  in¬ 
structions  concerning  the  range  of  power  and  frequency  axis. 

2.2  PERFORMANCE  AMD  ..IMITATIONS 

Figure  12  shews  the  spectrum  of  a  pulsed  60  XKz  signal,  as  recorded  and  analyzed  with  the  help  of 
our  system.  The  pulse  length  was  10 /usee  and  the  pulse  repetition  frequency  400  Hz.  Since  4,096  samples 
were  used  for  the  coa.uutation  of  thfe  power  spectrum,  the  effective  record  length  of  the  analogic  input 
signal  was  approx.  0.7  sec.  The  coefficients  calculated  are  spaced  at  1.4  Hz.  The  advantage  of  side  lobe 
nuppression,  achieved  oy  the  use  of  the  weighting  function,  is  paid  for  in  the  shape  of  a  alight  degrada¬ 
tion  in  frequency  resolution.  In  this  e*  jple  the  resolution  is  in  the  order  of  2  Hz,  while  the  spectral 
noise  density  is  sbc-ut  60  dB  below  the  peaks  of  the  prf  lines.  This  relatively  high  dynamics  factor  is  due 
to  th#  performance  of  the  down  converter,  the  input-output  characteristics  of  which  are  shown  in  Pig.  13* 

Although  the  frequency  resolution  capability  of  the  Fourier  tr.ausform  technique  is  unlimited,  there 
is  no  requirement  for  a  higher  resolution  than  that  corre-ocnding  to  approximately  the  inverse  of  the 
signal  length.  The  useful  range  on  the  power  density  axis,  aouever,  should  be  as  high  as  possible  in  order 
to  reveal  the  spectral  content  of  the  signal.  To  achieve  this,  the  vo:.tl  length  of  th;  digital  samples  baa 
to  be  high  enough  to  reduce  digital  noise,  while  the  dynamic  range  of  the  down  converter  must  likewise  be 
adequate.  Using  a  10  bit  a/D  converter,  we  obtain  a  range  in  sp.^ctrnl  power  density  ol  about  5°  dB  for  a 
pulsed  signal,  with  a  duty  cycle  greater  then  ere  thousand. 

3.3  APPLICATION 

The  system  described  :bove  job  been  designed  to  measure  the  short-term  power  spectra  of  clutter, 
but  ix  can  equally  well  be  ut  ed  to  perform  measurements  of  target  and  transmitter  spectra.  In  the  latter 
case,  a  sample  of  the  transmitter  pulse  to  be  delayed  by  means  of  a  delay  line  or,  alternatively,  the 
reflection  of  a  fixed  targe,  nas  to  be  used,  always  assuming  that  tee  spectrum  of  such  a  target  is  narrower 
than  that  produced  by  the  transmitter  instabili  ‘.ies  under  investigation. 

Pigures  14  and  15  rhow  the  Cpec'-/"  of  two  different  radar  transmitters.  For  both  spectra  an  isolated 
target  has  been  selected  and  the  retge  gate  etdth  set  xo  5  /uses.  Whereas  the  first  spectrum  consists  mainly 
of  prf-lines,  the  second  shows  a  strong  phase  modulation  of  approx.  $0  Hz. 

3.4  CONCLUSION 

Owing  to  ths  fact  that  the  power  spectrum  measurement  system  described  is  relatively  small  and 
thus  transportable,  it  can  easily  be  used  for  recordings  of  clutter  spectra  on  different  radar  sites.  The 
addition  of  a  small  computer,  together  with  optimization  of  the  FrT  programme  could  allow  real-time  compu¬ 
tation  of  the  speotra  and  consequently  make  the  system  useful  for  the  on-site  evaluation  of  same. 

ACKNOWLEDGMENTS 

Me  would  like  Co  express  cur  tharks  to  Dr.  Weiss  and  Dr.  Roux  of  the  Luftwaffenaat,  Porz-Wahn, 
Germany,  for  useful  discussions  and  f«w  the  release  of  wind  profile  measurements.  We  are  also  grateful  to 
Mr.  Kampstra,  STC,  for  continuous  encouragement,  and  to  v.r.  van  Siingerland,  UTC,  for  his  assistance  in 
building  the  power  spectrum  analysis  equipment. 


pppgawtfg 


Barlow,  E.J.  "Doppler  R*d*r",  Proceeding  of  tha  IRE,  Yol.  3?  PP  340-355  (April  1949) • 

Skolnlk,  N.I.  "Introduction  to  Rader  Syateaa",  McGraw-Hill  Book  Conp.,  Ino.,  Kaw  York  (1962). 
Baara,  E.P.  "Dlgitala  Ragiatriarung  von  Radar- Kchoaignalan  ait  dan  Radioord-GarVt",  RTZ  ’$68, 

H  12,  p  756. 

Virth,  W.B.  "Cluttar-  und  Slgnalepaktran  aua  Radicord-Aufnahnan  und  iia  Bavagtialarkatmung  durch 
Iapula-Badar",  XTZ  1968,  H  72,  p  759. 

Xathanaon,  P.K.  and  SaiHy,  J.P.  "Cluttar  atatiatioa  which  affact  radar  performance  annlyeia", 
Supplaaant  to  I  ESS  Tranaaotiona  on  Acroapaoa  and  Elaetroain  Syatena,  Vol.  AES-3,  Ko.  6, 
lovaabar  1967. 

Xathanaon,  P.E.  and  ReiUy,  J.P.  "Radar  Praoipitatlon  Echoac",  ESEfi  Tranaaotiona  or  Aaroapaca 
and  Electronic  Syatena,  Vol.  AES-4,  Ko.  4,  July  1968* 

Karatanaan,  H.  "Quantitative  Untareuohungan  dar  RalarraflaktivitXt  in  barug  auf  dia  Xladaraohlag- 
intanattXt",  Drutaoha  Varauahaanatult  fUr  tuft-  und  Rauafahrt,  KXra  1968. 

"Aarologiacha  Bariohto.  Radioaondaoaufatlt^a  und  KBhanwindaaaaungan",  Zantralanatalt  fttr 
Xataorologia  und  Qaodynaaik  in  Hian,  1952-1956. 

Stainhauaar,  Y.  and  Cahak,  X.  "Bar  KBhanwiad  Ubar  Wion  bia  30  kn  (1952-1956)",  Arohiv  fUr 
Hataoroiofia,  Oaophyalk  uad  Biokliaatolcgia,  Sariaa  A,  Vol.  16  (1967),  Springar-Varlag  Nian- 
Xaw  York. 

Cochran,  W.T.  "What  i*  tha  hat  Pouriar  Tranafom?",  Proceed inga  «•/  tha  IEEE,  Vol.  55*  Xo.  10 
(1967). 

Blackman,  R.B.  and  TUkay,  J.M.  "Tha  Xaaauraaant  of  Power  Spectra",  Dover  Pahlioationa,  IXC. , 

Saw  York  (1955). 


antenna 


'ig- 


1  "lafiniteeinal  volume  oleasnt  of  reflecting  medium", 


EARTH1 
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Pig.  3  "Topical  effective  cloud  region". 


Fig.  6  "Kean  wind  epeed  in  beaa  direction  v  versus  boss  direction  in  Jan. -Fetor,  for  different  ranges  froa 
tto«  radar  (h  -  4  k»i  H  «  8  ks)n. 
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There  have  been  cany  reports  of  unexplained  turgets  on  radar  displays.  These  targets  have  been 
g'./on  a  variety  of  names,  "radar  angels",  "dot  nngeli”,  and  clear  air  echoes,  to  name  a  few.  The  density 
of  "radar  engsl"  echoes  can  often  be  high  enough  to  causa  serious  interference  to  radar  operation. 

An  investigation  was  conducted  to  determine  some  of  the  detailed  characteristics  of  these  echoes. 

The  investigation  consisted  of  observation  and  analysis  of  "angel"  echoes  detected  cn  the  ”B"  display  of  a 
16  gigahertz  (GHz)  radar  and  gathering  of  doppler  frequency  signatures  with  e,  10  GHz  coherent  radar. 

The  results  of  the  investigation  show  that  nearly  all  the  "angels"  observed  were  radar  reflections 
freer  birds  and  itsecte.  These  results  are  consistent  vith  observations  of  other  investigators. 

The  conclusion  drawn  from  the  investigation  Is  that  in  the  design  o'.'  a  sensitive  radar,  the  problem 
of  "sky  clutter"  caused  by  birds  and  insects  oust  be  considered.  Due  to  Its  doppler  frequency  character¬ 
istics,  "sky  clutter"  presents  a  more  difficult  discrimination  problem  thxr.  conventional  "ground  clutter." 

1.  IKnODUCTION 

1.1  Sensitive  radars  can  detect  many  airborne  targets  in  an  apparently  clear  atmosphere.  The  majority 
of  these  targets  are  birds  and.  insects.  Their  density  can  be  high  though  to  cause  serious  degradation  in 
the  performance  of  a  radar.  The  problem  of  “sky  clutter"  caused  by  birds  end  insects  must  be  considered 
in  the  design  of  a  sensitive  radar. 

2.  BACKGROUND  DATA 

2.1  In  recent  years,  a  number  of  investigators  have  attempted  to  discover  the  origin  of  "radar  angels". 
Ksst  have  concluded  that  "angel"  echoes  are  radar  returns  from  birds  and  Insects.  United  data  on  radar 
cross  section  of  sene  birds  in  flight  were  obtained  by  Konrad1  and  Edvards2.  A  surrotry  of  their  results 

is  shown  in  Figure  1.  In  addition,  Konrad^  has  shows  that  the  cross  sections  follow  log  normal  statistics. 
A  log  normal  statistic  is  characterized  by  a  large  dyntaie  range  and  variance1*.  Jrose  section  data  of 
some  insects  were  measured  by  Hajovsfcy'.  His  results,  shown  in  Figure  2,  illustrate  the  spread  of  cross 
section  for  various  size  Insects  at  X-baod  frequencies.  The  subscripts  refer  to  the  orientation  of  polar¬ 
ization  with  respect  to  the  insect's  body;  L  for  parallel  and  T  for  transverse  to  the  body  length.  These 
data  indicate  that  insect  cross  sections  are  sensitive  to  polarizati  a  and  that  the  polarization  sensiti¬ 
vity  is  more  pronounced  for  greater  body  length  to  diameter  ratios.  _'onrad°  and  Glover?  have  measured  both 
bird  and  inaect  cross  sections  at  several  wavelengths.  The  effect  of  wavelength  is  shown  in  Figure  3.  The 
plotted  points  represent  averages  for  several  types  of  both  birds  and  insects  and  the  spread  about  each 
point  can  easily  exceed  plus  or  minus  an  order  cf  magnitude.  The  slope  of  the  insect  curve  for  wavelengths 
greater  than  30  centimeters  is  not  exact,  but  an  upper  bound  of  a  )v“3  dependence  has  been  shown*3. 

2.2  Since  the  detection  of  targets  by  radar  in  a  clutter  environment  normally  makes  uee  of  the  doppler 
principle,  the  velocity  characteristics  of  birds  and  insects  are  of  interest.  Figure  t  shown  the  recorded 
flying  speeds  of  some  birds,  as  compiled  by  Houghton9.  The  range  of  speeds  in  most  cases  is  broad. 

Fowler1®  has  verified  that  when  the  wind  speed  is  greater  than  the  insect's  maximum  air  speed,  the  velocity 
characteristics  of  the  insect  will  he  mainly  controlled  by  the  wind. 

3.  DISCUSSION  OF  EXPERIMENTS  CONDUCTED 

3.1  The  basic  raw  data  for  the  investigation  was  obtained  from  observations  and  pbotc^rephs  of  the  8- 
•cope  display  of  a  16  gigahertz  (GHz)  radar  set  ana  doppler  recordings  from  s  coherent  10  GHz  radar  set. 

The  B-scope  display  data  will  be  discussed  first. 

3.2  The  series  of  photographs  shown  in  Figure  5  were  taken  the  evening  of  10  September  19^9  at  Sandy 
Book,  Sew  Jersey.  The  times  listed  below  each  photograph  are  in  local  Daylight-Saving  Time  (IDT).  The 
radar  set  was  capable  of  detecting  a  10  square  centimeter  target  at  a  range  of  10  kilometers  (Km) .  The  B- 
scope  displays  a  25*  (kOO  mils)  by  10  Km  sector  and  the  elevation  of  the  radar  beam  fron  horizontal  is 
about  3“  (50  ails).  The  ueqimnce  cf  pictures  illustrates  an  "angel"  echo  density  versus  time  relationship 
that  was  observed  rather  consistently  at  several  different  locations.  The  large  echoes  beyond  2  Kin  in  the 
first  photograph  are  fron  fixed  ground  targets.  They  nay  be  seen  in  the  same  location  in  each  of  the  sub¬ 
sequent  photographs.  The  echo  density  increases  rapidly  between  an  hour  and  an  hour  and  a  half  after  sun¬ 
set,  peaks  within  the  next  two  hours,  and  diminishes  slowly  for  the  remainder  of  the  evening.  Such  a 
pattern  correlates  well  with  known  insect  behavior. 

When  the  radar  beam  was  elevated  to  11*  (200  mils),  a  marked  decrease  in  the  number  of  echoes  be¬ 
yond  2  Km  was  observed  indicating  a  discontinuity  in  "angel"  -density  gradient  as  a  function  of  altitude. 

The  p'-.oiograph  taken  at  2100  hours  shows  vividly  the  degradation  in  operational  capability  that  can  result 
because  of  "radar  angels" . 

3.3  Rhen  observing  "angel"  echoes  on  the  B -scope,  motion  was  discernible  and  a  rough  displacement  in 
range  and  azimuth  with  time  could  be  measured.  This  effect  was  investigated  in  some  detail  on  23  October 
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i'-^9  at  the  Eva ns  laboratory  of  Fnrt  Konaouth,  New  Jersey.  The  azimuth  of  the  r.-x'ar  beam  vac  ad  lusted  un- 
'  '  '■‘x  m‘«vi  ecr*oes  on  aisi'lay  exhibited  only  range  displace-aent.  That  az'.-suth  vas  then  kven  a 
reference  value  or  zero.  Multiple  exposure  photographs  were  produce*  by  taking  10  successive  dictographs 
of  the  B-scope  or>  a  single-  photographic  plate,  eacr  photograph  being  ;>  seconds  apart.  A  series  of  four 
such  composite  photographs,  vhe -d-  the  azimuth  of  tie  radar  was  r -tated  1*00  nils  clockwise  after  each  com¬ 
posite  photograph,  is  shown  *  i  Figure  6.  The  mage  at  the  base  of  tlie  photograph  is  4  Kn  and  that  of  the 
bright  horizontal  line  ir  o  Jit.  Measurements  o2  t'te  velocity  of  eeveral  of  the  echoes  were  made  from  the 
photographs  and  were  found  to  correlate  well  with  wind  data  verifying  thn  results  obtained  by  other  inves¬ 
tigators  *  .  However,  not  all  targets  in  the  photographs  are  so  completely  Influenced  by  the  wind,  as 

can  be  seen  by  the  target  trace  below  and  on  tho  right  hand  side  of  tho  6  Km  range  marker  in  the  1200  ail 
azimuth  photograph. 

3‘**  Doppler  recordings  of  "radar  angels"  were  obtained  by  instrumenting  a  coherent  10  GHz  radar,  as 
shown  In  Figure  7.  The  radar  beam  was  he  id  at  a  constant  azimuth  aj>d  elevation  angle.  Using  one  of  the 
oscilloscore  channels  as  on  A-scoze  display  and  the  other  to  display  the  delayed  trigger,  targets  were 
selected  lor  processing  in  the  uange  Oat* 1  Doppler  Filter  (RGDF)  by  observing  the  oscilloscope  and  adjust¬ 
ing  the  .  Isc  6csiorutor  delay-  Process luj  the  recorded  doppler  through  a  low  frequency  analyzer  produced 
a  hard  copy  doppler  frequency  versus  time  o,ot-.  such  as  the  one  shown  in  Figure  8.  The  abscissa  represents 
a  10  second  doppler  sample,  i'vr  ordinate  re;-/ef.ent.s  frequency;  a  scale  is  shown  on  the  right.  The  hori¬ 
zontal  lines  at  the  bottom  were  generated  in  * "e  tape  recorder  and  spectrum  analyzer  and  are  due  to  the 
fundamental  and  harmonics  of  the  prime  power  m>urce.  Harmonics  of  the  doppler  signal  can  be  seen  faintly 
and  were  caused  by  overdriven  amplifier  stages  .  n  the  RGDF  on  large  amplitude  pecks.  The  doppler  signal 
itself  is  seer,  to  have  an  erratic  variation  of  frequency  with  time .  For  the  first  two  seconds  of  the  sam¬ 
ple,  the  spectrum  exhibits  a  period  broadening  at  an  11.4  Hz,  rate.  I*,  is  felt  that  a  doppler  signature 
such  as  this  could  only  be  caused  by  something  possessing  self -locomotion.  The  target  Is  probably  a  bird. 

3-5  The  doppler  signature  of  Figure  9  shows  two  lines  that  are  remarkably  sinusoidal  in  shape  if  folding 
about  the  zero  frequency  line  is  r-aken  into  account.  Such  a  signature  would  result  if  two  bird®  were  to 
fly  at  a  constant  still -air  speed  over  a  circular  path  in  a  constant  velocity  wind  having  a  component  in 
the  direction  of  the  radar.  The  spacing  between  similar  peaks  of  the  sinusoids  is  a  measure  of  the  separ¬ 
ation  between  the  two  birds  if  they  have  the  same  flight  path.  It  is  believed  that  this  frequency-time 
plot  is  indeed  the  doppler  signature  of  two  birds  flying  a  2?  meter  diameter  circular  path  at  ci  still-air 
speed  of  7.5  meters/second.  Their  velocity  relative  to  the  ground  is  modified  by  a  wind  that  has  a  3-7 
aster/second  component  In  the  direction  of  the  redar.  If  their  flight  paths  are  approximately  the  same, 
the  birds  are  separated  by  a  71*  arc  or  an  arc  length  of  16  meters.  Figure  10  shows  a  flock  of  between  15 
and  20  birds  flying  a  circular  path  35  meter-J  in  diameter.  The  still -air  speed  of  the  birds  is  9  meters/ 
second,  which  is  equal  to  the  wind  component  in  the  direction  of  the  radar,  as  shown  by  the  tangency  of 
the  doppler  signatures  with  the  zero  frequency  line. 

3-6  In  Figure  11,  the  doppler  signature  spectrum  aga.r.  3hows  a  periodic  broadening.  Here  the  rate  is 
about  12.5  Hz.  The  spectrum  broadening  has  a  duration  of  about  1/2  to  1  second.  Change®  in  doppler  fre¬ 
quency  are  the  greatest  during  periods  of  spectrum  oro  dening.  The  periods  of  narrow  doppler  spectrum 
exhibit  a  drop  in  doppler  frequency.  This  is  unquestionably  the  doppler  signature  of  a  bird.  An  examina¬ 
tion  of  the  doppler  signal  waveform  indicated  that  the  spectrum  broadening  was  due  to  amplitude  modulation 
caused  by  the  bird’s  wing  motion.  When  the  bird  ceases  to  flap  his  wings  ana  glides,  wing  modulation 
ceases  and  the  bird’s  velocity  decreases  due  to  drag,  as  indicated  by  the  negative  slope  of  the  doppler 
signature.  If  the  bird  does  not  fly  in  a  straight  line,  positive  slopes  of  the  doppler  signature;  can  be 
obtained  during  periods  of  no  wing  notion. 

3.7  Target  signatures  from  wind  borne  objects  vre  vividly  displayed  in  Figure  12  by  a  187  Hz  band  cen¬ 
tered  at  625  Hz.  Also  shown  are  two  birds  whose  wing  beat  rate  1b  8.8  Hz.  The  band  structure  and  signal 
intensity  cf  the  wind  borne  target  signatures  indicates  that  the  targets  are  large  in  number,  smell  in 
radar  cross  section,  and  have  some  statistical  velocity  distribution.  Rain  has  similar  characteristics, 
with  the  exception  that  the  radar  cross  st ition  is  larger.  Figure  13  is  a  doppler  signature  for  wind 
blown  rain.  The  figure  represents  a  20  second  doppler  sample;  note  the  change  in  the  frequency  scale. 

Rain  data  have  been  gathered  on  several  occasions  and  have  consistently  exhibited  a  double  band  structure. 
The  cause  of  such  a  structure  is  not  completely  understood.  Because  of  the  two-band  structure  of  rain, 
one  nay  conclude  that  the  wind  blown  targets  of  the  previous  figure  are  something  other  than  rain. 

3.8  Another  frequency-tine  plot  of  birds  and  wind  borne  targets  is  shown  in  Figure  14.  There  is  no 
sign  of  a  double  band  structure  in  the  signature.  Figure  15  is  a  20  second  doppler  sample  where  the  fre¬ 
quency  scale  has  beer,  expanded.  Several  doppler  signatures  can  clearly  be  seen  within  the  band  around 

3 00  Hz.  These  signatures  could  be  free  birds,  but  the  strong  possibility  exists  that  they  are  from  large 
insects,  since  the  doppler  frequency  variations  ore  more  erratic  than  any  observed  outside  a  band  type  of 
signature.  The  remaining  targets  that  contribute  to  the  bard  doppler  signature  could  be  small  insects. 

4.  SIK&RI 

4,1  In  suzcary,  the  data  presented  has  shown  that  radars  having  sufficient  sensitivity  to  detect  tar¬ 
get#  of  fractional  square  centinster  radar  cross  sections  can  detect  birds  and  insects.  The  operational 
capability  of  such  radars  can  be  severely  impaired  by  the  presence  of  "radar  angels".  "Radar  angels”  were 
observed  to  be,  on  tlie  whole,  wind  correlated  and  to  have  density  versus  time  characteristics  that  corre¬ 
late  well  with  known  insect  and  bird  behavior.  Analysis  of  tho  doppler  signatures  obtained  led  to  tbe 
conclusion  that  almost  all  the  observed  "radar  ansels"  were  either  birds  or  insects. 

5.  C0«CI/;SI0B5 

5-1  From  the  results  obtained,  it  can  be  concluded  that  the  design  of  sensitive  radars  must  consider 
the  problem  of  eliminating  "sky  clutter"  caused  by  birds  and.  insects.  In  addition,  laaar  can  be  an  effec¬ 
tive  tool  for  both  entomologists  cud  ornithologists  in  the  study  of  the  habits  of  insects  and  birds. 
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BIRD  TYPE 


SPARROW  a 

STARLING  10 

CRACKLE  16 

PIGEON  30 

ROOK  250* 


*BROADSIDE  ONLY 

rig.  f  Average  radar  cross  sections  of  birds  at  X-bartd  ( fron  Konrad  et  ai. 

and  Edwards  and  Houghton) 


BODY 

LENGTH  (mm) 

BODY 

DIAMETER  (mm) 

<rL  (cm2) 

crT  (cir.2) 

BLUE  WINGED  LOCUST 

20 

4 

9.60 

0.96 

ARMY  WORM  MOTH 

14 

4 

1.22 

0.12 

HONEY  BEE  (WORKER) 

1  3 

6 

1.00 

0.30 

ALFALFA  CATERPILLAR 
BUTTERFLY 

14 

1.5 

0.65 

0.02 

RANGE  CRANE  FLY 

13 

1 

0.30 

0.02 

GREEN  BOTTLE  FLY 

9 

3 

0.25 

0.10 

TWELVE  SPOTTED 
CUCUMBER  BEETLE 

8 

4 

0.14 

0.05 

SPIDER  (UNIDENTIFIED) 

5 

3.5 

0.10 

0.06 

CALIFORNIA  HARVESTER 
ANT 

13 

6 

0.04 

0.02 

CONVERGENT  LADY 
BEETLE 

5 

3 

0.02 

0.01 

Fig.2  Radar  cross  sections  of  insects  at  X-band  f  frost  Hajovsky  et  al. ! 
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Fig.5  Radar  cro88  section  vs  wavelength  for  birds  aM  insects-  1  frcn  Konrad  and  itlover! 
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SUMMARY 


The  coherent  eehc  signal  frost  different  surveillance  radars  was  digitised  and 
stored  on  magnetic  tape  with  a  special  recording  device  (RADICORD) . 

The  evaluation  with  a  computer  givec  knowledge  about  the  statistical  behaviour 
of  different  targets  and  various  kinds  of  clutter. 

Echoes  from  several  types  of  aircraft  were  recorded.  The  evaluation  gives 
results  about  the  amplitude  and  phase  shift  of  the  *cho*lgnal  measured  during  one  seen, 
and  about  the  fluctuation  of  the  echovector  during  the  flight.  One  may  derive  conclusions 
for  the  construction  of  plotextr actors  and  MK -systems  out  of  this  statistical 
evaluation.  The  behaviour  of  amplitude  and  doppler  shift  of  aircraft  echces  along  the 
tracks  are  of  special  interest  for  the  problabs  of  automatic  tracking. 

The  evaluation  of  clutter  data  gives  a  survey  about  the  distribution  of  the 
power  spectral  density  for  several  kinds  of  clutter  as  ground  clutter,  wheat her  clutter, 
phantom  clutter  and  bird  echoes.  It  follows,  that  the  methods  of  clutter  suppression 
depend  on  the  kind  of  the  clutter  end  have  to  be  different  for  fixed  clutter  and  moving 
clutter. 


1.  PURPOSE  OP  THE  INVESTIGATION. 

The  automatic  observation  of  the  air  space  uses  information  about  the  positions 
of  aircraft  from  radar  echoes.  The  link  between  the  observing  surveillance  radar  and 
the  following  tracking  computer  is  the  digital  detector  or  plot  extractor,  which  is 
used  for  detection  and  positioning  of  radar  echoes  from  signsls  mixed  with  clutter  or 
noise. 


The  decision  logic  of  the  digital  detector  has  to  be  chosen  in  such  a  way  that 
targets  will  be  detected  with  high  probability.  The  false  alarm  rate  shall  be  low.  The 
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number  of  wrong  decisions  of  the  detector  shell  be  minimized.  This  problem  can  be 
solved  If  there  is  enough  statistical  information  about  target  and  clutter  signals. 

the  fluctuation  models  of  cross  section,  well  known  as  sterling  case  1  -  4, 
only  take  account  of  the  amplitude  signal.  Moreover  the  Swerllng  cases  do  not  base  on 
fully  realistic  assumptions. 

The  evaluation  of  experimental  data  of  coherent  radar -echo signals  by  a  'computer 
was  possible  after  development  of  the  RADICORD  system  (RAdar -Digitizer  and  reCORDer)  /!/. 

The  signals  of  aircraft  and  different  kinds  of  clatter  were  measured  at  several 

1.  -band  and  3-band  radar  sets.  The  digitised  signals  of  amplitude  and  phase  were  stored 
on  magnetic  tapes  and  evaluated  under  several  aspects. 

The  following  paper  shall  give  a  survey  about  some  methods  of  evaluation  and 
the  result*  of  the  analysis. 

2.  DETECTION  OF  A  SINGLE  TARGET  AMD  DETERMINATION  CP  THE  CENTRE. 

The  target-information  selected  with  the  gets  of  the  RADICORD  fills  a  two- 
dimensional  data  matrix  with  m  range  element*  (rings)  and  n  asimuth  element*  (sweeps). 
This  arrangement  corresponds  to  the  area  scanned  with  the  radar  beam. 

Each  ring  contains  a  sequence  of  signals i 

x(k)  «  a(k)  (3k  »  1  ...  H) 

Prom  this  sequence  a  target  has  to  be  identified.  It  is  favourable  to  test  the  amplitude 
a (k)  because  of  its  modulation  by  the  antenna.  Its  symmetry  is  useful  for  the  determi¬ 
nation  of  the  centre.  It  has  to  be  expected  that  the  amplitude  sequence  a(k)  will 
deviate  from  tr.e  antenna  function  of  a  stable  fixed  target  by  fluctuation  or  receiver 
noise. 


If  a  series  of  echoslgnals  is  expected,  it  sews  reasonable  to  perform  the 
decision  test  /2/  with  a  set  of  weights.  The  following  test  is  used: 

An  odd  weighting  function  b(t)  is  stepwise  shifted  along  the  sequence  a(k) 
(fig.  5-1)  until,  at  tc  »  K0, 
the  value  of  0 

X 

C  «  l  atk+T 0r  •  b(k).  (1) 

k±-K  ° 

where  t0  «•  X  ... 


(*-*), 
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changes  sign  or  becomes  sere.  Simultaneously  a  test  Is  made  vlth  the  amplitude  threshold 


K 

l  a  Ck+K  )  >  S 
k— K  ° 


(2) 


If  this  condition  is  satisfied,  KQ  will  be  the  centre  of  the  detected  target.  The  test 
is  made  for  every  ring  of  the  data  matrix.  Depending  on  the  ratio  'transmitter  pulse 
width  to  sampling  Interval”  the  target  is  detected  on  several  adjoining  rings.  The  ring 
with  the  maximum  mean  target amplitude  will  be  selected  for  the  following  evaluation. 


3.  STATISTICAL  CHARACTERISATION  FOR  THE  POLSE  TRAIN  OF  A  SCANNED  ISOLATED  TARGET. 


He  now  try  to  find  a  method  to  compare  the  pulse  sequences  of  different  antenna 
scans  and  different  trials. 


3.1.  Mean  and  deviation  of  the  amplitude. 

The  modulation  of  the  scanning  antenna  is  taken  into  account  by  using  the  mean 
pattern  of  a  stable  fixed  target  (fig.  5-2}  as  standard. 

a2(k)  -  a1(k)  /  f(k>  (3) 

with  a^tk)  “  a(k+Kc) 

Then  the  mean  value  a  and  the  deviation  a*  era  calculated  for  the  characterization  of 
the  sequence  a2(k)  within  the  3 -db-beamwidth  B,  B  *  2R+1.  The  deviation  am  will  be 
normalized  with  a  because  of  the  fluctuation  of  a. 


3.2.  Mean  and  deviation  of  the  doppler  shift. 

Sines  the  signal  is  coherently  measured  the  phase  information  ♦1(k}  *  ♦(k+KQ) 
is  available.  $j(k)  is  the  phase  angle  between  the  transmitted  and  the  received  signal. 
The  difference  a+ (k)  between  adjoining  sweeps  along  a  distance  ring  gives  the  doppler 
phase  shift  and  ie  a  criterion  for  the  radial  spaed  of  a  target. 

The  vectors  s  (k)  from  all  2K+1  values  Ad  (k)  within  the  3 -db-width  will  be  calcu¬ 
lated  next 

z(k)  -  |x(k)i  y(k)}  »  {cos  4f(k);  sin  A»(k)i. 

In  the  case  of  constant  pulse  repetition  time  (unslaggered  mode)  the  characteristic 
phase  shift  A*  is  derived  from  the  arithmetic  atean  of  the  vector  components. 

i  * 

*  *  l  {*<k)>  yoo)  -  {*,  y} 

k"-K 

3?  »  arctan  (y/x)  (4) 

In  order  to  obtain  a  measure  of  the  fluctuation  of  the  phase  shift  over  all  k,  the 
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following  aquation  is  used  /3/  as  an  index  of  the  relative  scatter  of  the  directional 
vector.  _  _ 

0_  /  t .. . \  »  “%  2  ,  f..  n.1  „  2 

(5) 


z  _  /jx 


Ik)  -  x)'  +  (vOc)  -  y) 


The  scatter  of  the  components  is  added  quadratically  and  referred  to  the  length  of  the 
mean  directional  vector.  In  the  following  paper  6  is  used  frcn 

4  «  arctan  o_ 


&  figure 


tea tiering  angle,  yielding  information  on  thu  deviation  of  phase. 


The  four  calculated  values  a ,  oa ,  aT,  4  characterize  the  echo  signal  of  an 
antenna  scan  and  therefore  ray  be  called  the  scan  characteristic.  The  scan  characte¬ 
ristic  is  in  a  certain  sense  a  target  signature. 


4. 


THE  RELA'J.ttXJ  BETWEEN  THE  RADIAL  SPEED  At©  THE  DOPPLER  PHASE  SHIFT. 


To  explain  the  later  discussed  results  a  mil  known  relation  ary  be  mentioned 
between  the  radial  speed  vr  of  a  moving  target  and  the  doppler  phase  shift  1* 


vr  "  17  fi  *  A* 


(6) 


Using  a  radar  set  with  fixed  parameters,  far  instance  the  wave  length  A  and  the  pulse 
repetition  frequency  f^,  one  hts  a  fixed  relation  between  vr  and  A*.  Certainly  thsae 
is  an  ambiguity  in  vr  because  of  the  ambiguous  phase  aeasurament. 

The  following  ambiguous  values  of  ths  velocity  vf  correspond  to  the  range 
A*  «  O  ...  2s  for  the  two  analysed  radars: 


1.  L-band  radar  (x  »  23  cm,  ®  500  hz> 
vr  ■  (0  ...  200)  ♦  n  •  200  Om/h) 

2.  S-band  radar  (A  »  10  cm,  f ^  »  250  bs) 
vr  -  (0  ...  40)  +  c  •  40  (km/h) 


5.  RESULTS  at  VHE  MEASUREMENTS. 

THE  BEHAVIOUR  OF  THE  SCAN  CHARACTERISTIC  DURING  A  TRACK. 


A  few  examples  shall  esmonstrate  the  behaviour  of  the  values  of  the  scan 
characteristic  during  the  tracks  of  aircraft  and  birds.  Seme  remarks  concerning  the 
presentation  on  tbe  plots t 


The  polar  coordinates  of  tha  moving  targets  measured  with  RADXCORD  are  plotted 
into  a  rectangular  system.  The  extreme  courses  such  as  tangential  and  radial  flight 
direction  with  respect  to  the  radar  are  parallel  to  one  of  the  axes  by  this  hind  of 
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plot.  “oor.  ;ni  deviation  of  issp! it«d®  and  phate  shift  ace  plotted  over  the  antenna  turn. 

Bcaaple  It  Fig.  E-3a  shows  the  track  of  a  propeller  driven  aircraft  on  several 
airlanes  Measured  with  an  L-band  radar.  This  example  is  suitable  to 
demonstrate  how  the  signals  depend  on  the  flight  direction. 

Fig.  S-3b  shows  the  aean  amplitude  a  and  its  deviation  ofl/a  during 
the  track,  and  fig.  5-3c  shows  the  mean  doppler  shift  Ti  and  its 
scattering  angle  &  along  the  track. 

The  behaviour  of  the  mean  doppler  shift  depends  on  the  radial  speed 
of  the  aircraft  as  follows: 

1.  Antenna  turn  1-20:  Almost  radial  flight  shows  constant  phase- 
shift. 

2.  Antenna  turn  21  -  82:  The  reduction  of  the  radial  speed  is  shown 
in  the  decreasing  of  the  phase  shift,  crossing  sero  at  a  blind 
speed  of  about  200  km/h  (turn  46). 

3.  Antenna  turn  83  -  152:  After  changing  flight  direction  the 
dopplershift  increases  in  the  same  manner. 

4.  Antenna  turn  153  -  137:  The  curve  at  the  antenna  turn  152  is 
very  narrow,  no  that  the  antenna  speed  of  6  rpe  is  too  slow 
for  aaaeuriw;  t he  « octet  progress  of  the  phase  shift.  At  antenna 
tarn  17*  the  aircraft  sew  to  tangential  flight  direction.  The 
phase  shift  is  almost  xaro. 

The  scattering  angle  ?  depends  on  the  flight  direction  and  is  low 
if  the  aircraft  is  scanned  from  aside. 

Fig.  5- 3b  shews  the  dependence  of  the  distance  law  la  the  radar 
equation  for  a.  The  fluctuation  between  successive  antenna  scans  is 
nearly  10  db,  depending  on  the  fluctuation  of  the  cross  section. 

The  deviation  of  the  amplitude  o#/a  is  low,  if  there  is  no  influence 
by  the  propeller.  This  Is  only  the  case  at  tangential  flight  direc¬ 
tion  (turn  176). 

Kcample  2$  Fig.  5- 4a  shows  the  track  of  an  approaching  eoall  helicopter,  fly¬ 
ing  from  30  tai  to  5  b.  distance  of  the  antenna  of  an  L-band  radar. 
During  the  flight  these  are  small  correction*  of  the  flight  direc¬ 
tion.  This  can  be  seen  in  the  plot  of  the  aean  phase  shift  (fig. S-4c) . 
The  aean  redial  speed  of  150  km/h  varies  between  -  5  km/h. 
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The  mean  amplitude  »  (fig.  4b)  increase*  quadratically  in  accordance 
to  Che  decreasing  of  distance  during  f2ight.  The  fluctuation*  of  a 
do  not  exceed  the  plotted  Units  of  -  3  dB. 

Example  3:  Tig.  5-Sa.  Here  is  a  track  of  a  medium  fast  aircraft,  probably  a 
turboprop  aircraft,  measured  with  an  S-bend  radar. 

Fig.  5-5b  shows  the  typical  fast  change  of  the  phase  shift  bee sure 
cf  the  low  value  of  the  first  blind  speed  (nearly  40  km/h).  An 
shown  in  example  1  the  scattering  angle  T  is  low  during  tangential 
flight. 

Example  4t  A  radially  flying  snail  jet  aircraft  was  observed  with  the  fixed 
antenna  of  an  S-band  pulse  radar  (fig.  5 -6a ,  5-6b) .  The  antenna 
scanning  rate  was  1/sec  and  therefore  it  was  15  tines  faster  than 
that  of  exanple  3.  The  mean  values  a,  &+  are  computed  fraai  35  pulses 
contrary  to  7  used  pulses  at  example  3  or  15  pulses  at  example  1+2. 

Consider  that  the  amplitude  shows  strong  f luctuat ions.  The  highest 
frscueney  of  fluctuation  lias  In  the  range  of  the  prf  at  almost 
sens  hundred  harts  (it  cannot  be  seen  fra*  this  plot).  The  amplitude 
a  changes  during  one  second  up  to  14  dB. 

The  doppler  shift  changes  steadily  as  a  consequence  of  corrections 
of  the  flight  direction.  The  scanning  rate  of  1/sec  Is  high  enough 
to  measure  all  variations  of  the  d op pier  shift  during  this  radial 
flight. 

Example  5t  Fig.  5- 7a  shows  the  tracks  of  birds  msasursd  with  an  S-band  radar. 

The  plots  fig.  5- 7b,  5-7c  of  amplitude  %  and  phase  shift  a?  show 

no  difference  to  the  plots  of  the  aircraft  (fig.  5-5),  But  the 
deviation  of  the  amplitude  can  be  large  because  of  superposition 
of  several  birds  to  a  quasi  single  target. 

The  doppler  shift  can  show  a  high  scattering  angle  7  if  several 
birds  with  different  radial  speeds  are  superposed  in  the  resolution 
cell  of  the  antenna. 
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The  visual  plot  attractors  for  tracking  purposes  uae  the  Normal  -  or  MTI-vifleo 
signal  and  attach  the  position  of  the  distance  and  azimuth  counter  to  ••. recognised 
target  /A/. 

For  each  target  an  expectation  area  will  be  layed  out  within  the  tracking  pro- 
graa  of  the  computer  /5 /.  The  size  of  the  area  depends  on  the  precision  of  measuring 
distance  and  azimuth.  The  usual  extractors  use  a  resolution  of  distance  of  about  2  vs 
so  that  the  distance  will  be  measured  with  a  precision  of  -  0,15  kn.  The  covered 
distance  of  a  jet  aircraft  at  normal  speed  gives  2,5  km  during  10  sec  of  an  antenna 
turn.  This  gives  an  errcr  in  measuring  of  distance  up  to  -  6  %.  At  lower  velocities,  for 
example  daring  the  approach  to  the  air  part,  the  error  sen  gr^w  to  -  15  %. 

The  above  mentioned  examples  have  shown,  that  tha  floppier  shift  can  be  measured 
with  an  amazing  precision  using  the  few  sampled  values  within  the  antenna  3-db-beam- 
wldth.  By  simple  conversion  i»gu. (€) )  the  radial  component  of  the  velocity  can  be 
calcnlatad  very  exactly. 

Tha  precision  depends  on  the  accuracy  of  the  phase  measuring.  The  error  in  esse 
of  an  approaching  flight  (4oO  km/h)  can  be  reduced  from  *  15  %  to  -  1,5  %.  The  practical 
method  Is  as  follows*  Approximate  calculation  of  the  velocity  from  the  coordinates  end 
then  correction  with  the  results  from  floppier  information. 

Fig.  5-8  b.,..ws  the  velocity  of  a  target  a)  calculated  from  coordinates  end  b) 
corrected  with  floppier  Information. 

7.  CCKFMttMG  DIFFERENT  TYPES  OF  TARGETS. 


Th«  main  purpose  of  the  following  investigation  is  to  get  characteristic  values 
for  single  waving  targets  such  as  aircraft  and  helicopter.  Nevertheless  the  evaluation 
is  extended  to  clutter  echoes.  It  shall  be  pointed  out  that  all  the  evaluated  data  are 
selected  from  the  data  matrix  with  a  detection  criterion  according  to  Bgu.  (1)  and  (2). 
This  method  permits  to  specify  more  typical  properties  of  clutter,  compared  with  air¬ 
craft,  than  other  realized  investigations. 

The  results  of  similar  trials  have  been  compared  to  get  a  statistical  estimation 
of  the  signals  from  different  targets.  Therefore  the  mean  values  a  ,  I*  »»a/a,  T  and  the 
deviations  e(a),  «(&?),  e(«a/a),  6(6)  of  the  scan  characteristic  have  been  computed. 

Some  significant  results  ere  given  in  table  5-1  and  table  5-2. 
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To  co*p*re  amplitude  signals  with  each  othsr  the  dependence  on  the  distance  given  by  the 
radac  equation  has  to  be  eliminated.  So  the  power  reduction  with  distance  it  canceled  by 
conversion  of  the  signal  amplitude. 

Table  1  presents  the  mean  amplitudes  a  fcr  aircraft  and  clutter.  The  value  of 
aircraft,  used  as  reference,  wan  taken  from  different,  radially  flying  aircraft.  The 
small  reflection  of  birds  and  phantoms  is  remarkable.  This  kind  of  clutter  only  was 
measured  near  the  radar. 

There  ie  a  dependence  of  a  on  the  direction  of  flight.  Measurements  were  made 
with  two  different  targets.  A  holicopter  and  a  muill  jet  aircraft  gava  5  db  (7  db)  more 
amplitude  at  tangential  flight  than  at  radial  direction. 

The  variation  of  the  mean  amplitude  o (a)  of  a  traffic  aircraft  during  a  track  on 
several  airlanas  with  different  flight  directions  {200  antenna  scans)  is  almost  €  db. 

7.1.  Mean  and  variation  of  the  swan  variation  of  amplitude  and  phase  shift. 

Some  remarks  on  the  interpretation  of  table  5-2.  The  value  «a/a  ie  low  for  tar¬ 
gets  that  resemble  to  the  antenna  pattern  of  a  single  fixed  target.  Echoes  that  spread 
beyond  the  resolution  cell  of  the  radar  such  as  clouds,  flocks  of  birds,  phantoms  give 
e  high  value  of  «4/a.  The  scattering  angle  4  of  the  doppler  phase  shift  indicates  th* 
width  of  the  doppler  spectrum. 

Conclusions  from  table  5-2. 

rst  column:  1.  The  mean  variation  oa/a  is  very  lew  for  jet  aircraft  and  ie 
high  fcr  helicopters  and  propeller  driven  aircraft. 

2.  The  evaluated  ground  clutter  is  composed  of  many  single  targets, 
oa/a  is  low. 

3.  Weather  clutter  shows  relative  low  amplitude  dynamics,  «a/s  Is 
high. 

4.  Phantom  clutter  probably  Induced  from  netereologic  layers  shows 
low  amplitude  dynamics  in  direction  of  antenna  scanning.  oa/a 
is  high.  Aa  cannot  be  seen  from  table  5-2,  the  signal  extends 
only  over  the  width  of  the  transmitted  pulse  in  distance  direc¬ 
tion. 

5«  Bird  clutter  shows  high  «a/a  because  of  superposition  cf  many 
scatter ere. 

Second  colon:  o(oa/a)  Indicates  the  deviation  for  tbs  values  given  in  column  1. 

Third  coluen:  1.  T  is  low  for  the  fixed  target  as  expected 

2.  Low  T  for  jet  aircraft,  increased  ?  for  helicopter  end  propeller 
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driven  Aircraft.  7  of  helicopters  lies  between  both  kinds  of 
aircraft. 

3.  £ on  7  for  fixed  clutter  as  expected. 

4.  High  7  for  weather  clutter  because  of  internal  movement  of  the 
reflecting  centre. 

5.  High  7  for  phantom  clutter  because  of  Internal  movauant  of  the 
layer. 

6.  7  for  birds  depends  on  the  number  of  birds  in  the  resolution 
cell  and  on  the  direction  of  flight  of  the  single  bird.  7  is 
■sail  if  birds  fly  fa  the  s«me  direction.  The  shown  value  is  a 
mean  value  for  different  situations. 

Fourth  columns  6 (t)  indicates  the  deviation  for  thj  values  given  in  column  3. 

7. 2.  Probability  density. 

Some  examples  shall  be  given  for  the  probability  density  of  the  parameters  within 
the  scan  characteristic. 

1.  Fig.  5-9  shows  tbs  probability  density  of  tbs  normalized  amplitude  deviation 
oa/a  and  the  scattering  angle  7  for  two  types  of  aircraft  as  mentioned 
above.  Tops  jet  aircraft.  Bottom:  propeller  aircraft.  Laft  side:  P(o?/a) 
right  side:  P(<). 

2.  A  good  characterization  of  a  target  can  be  given  by  the  probability  density 
of  the  mean  doppler  shift.  Fig.  5-10  shows  typical  results  feu:  different 
types  of  signals. 

2.1.  Fixed  target:  The  probability  density  Ms  its  maximum  for  a?  «  0,  the 
deviation  of  77  is  aswll. 

2.2.  Phantom  clutter:  The  probability  density  has  its  maximum  for  77  **  -0,17 
(Radians).  That  la  tba  explanation  for  the  low  suppression  by  MTX-Systams. 

£.3.  Weather  clutter:  The  curve  shows  two  maxima  in  the  negative  part  of  the 
doppler  shift  scale.  The  measured  radial  velocities  are  45  and  70  Vm/h. 

These  two  speeds  are  due  to  spatial  distributed  zones  of  different  doppler 
shift.  The  record  was  made  with  e  gate  of  30  range  elements  and  70  azimuth 
element*  and  was  situated  always  amidst  the  slowly  moving  cloud.  The  typical 
feature  of  weather  clutter  is,  that  the  power  of  the  signal  mostly  takas  a 
small  part  of  the  doppler  range  end  that  the  speed  of  clouds  is  slow  com¬ 
pered  with  aircraft.  Tba  above  mentioned  example  is  e  special  case  of 
superposition  of  two  clouds. 

2.4.  Signal  from  aircraft.  The  plot  shows  the  probability  density  of  tbs  mean 
doppler  shift  for  signals  from  traffic  aircraft  during  a  truck  on  several 
airlanes  with  different  flight  directions.  The  typical  attribute  of  signals 
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fro*  aircraft  la,  that  a?  can  change  batwaan  succeeding  antenna  turns  with¬ 
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antenna  turn. 

CONCLUSIONS. 


The  sMasursnents  described  above  90  beyond  the  usual  In  the  literature  described 
Investigations  of  analysing  aircraft  on  turn  tables  or  of  measuring  approaching  aircraft 
with  a  single  resolution  cell  in  range. 

The  described  aaasuraasnts  are  aade  with  the  signals  of  real  flying  aircraft. 

The  recorded  signal  has  the  full  bandwidth  of  the  reflected  echo  signal. 

The  presented  exanple  at  evaluation  uses  an  aaplltude  detector  that  is  conceived 
for  the  detection  of  single  targets  in  noiss.  The  results  show  that  coaplax  targets  as 
the  most  clutter  signals  give  «alu*s  that  are  different  frost  that  of  aircraft. 

it  was  tried  to  classify  the  targets  using  the  results.  The  following  list  shell 
give  criteria,  that  can  be  used  for  separation  of  different  types  of  targets 

1.  Mean  wplitude  with  regard  to  tbs  distance  of  target  (and  the  vertical  antenna  diagram). 

2.  Deviation  of  the  mean  aaplltude  between  successive  scene. 

3.  Shape  of  the  amplitude  signal 

4.  Deviation  of  tbs  aaplltude  signal  «a  within  scan 

5.  Value  of  the  mean  doppler  shift 

S.  Scattering  angle  <  of  the  doppler  shift  within  scan 
7.  Deviation  of  the  seen  doppler  shift  between  successive  scans. 

S.  Velocity  of  the  target  by  comparing  coordinates  of  successive  scans. 
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TABLE  1 

Comparison  of  the  Mean  Amplitude  a  for  Several  Types  of  Signals 


r  _ 

a 

jet  aircraft  radial 

0 

db 

single  target  (tower) 

12 

db 

ground  clutter 

2 

db 

weather  clutter 

-  7 

db 

bird  clutter 

-  28 

db 

phantonr}  clutter 

-  39 

db 

TABLE  2 

Mean  and  Deviation  of  the  Deviation  Values 
in  the  Scan  Characteristic  (radians! 


oa/a 

o (oa/a) 

6 

6(6} 

radians 

single  target  ( tower) 

.09 

.04 

.10 

.03 

jet  aircraft 

.15 

.07 

.23 

.18 

helicopter 

.30 

.15 

.42 

.26 

propeller  aircraft 

.30 

.12 

.80 

.31 

ground  clutter 

.  IS 

.20 

.13 

.08 

weather  clutter 

.51 

.17 

.88 

.19 

phantom  clutter 

.45 

,17 

.43 

.23 

bird  clutter 

.35 

.15 

.52 

.32 

amplitude  pattern 
of  a  single  target 


T 


weighting  function 
3-db-beam  width 


Determination  of  the  centre  lor  •  single  target 


signal  from 
aircroft 


signal  from 
fixed  target 


normalized 


Fig. 7c  Me*.*!  «r,i  deviation  of  doppier  shift 


VELOCITY 


ANT.TURN 

VELOCITY  OF  HELICOPTER  CRN:  35003) 

A)  FROM  RA0IC0RD  COORDINATES 

(RESOLUTION:  t  0.15  KM) 

B)  PROM  DOPPLERSHIFV 

(RANGE  FROM  M) 


Fig. 8  Velocity  of  helicopter 
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suit*  kusuJtfilBrms  OF  THB  EFFECTS  OF  FREQUENCY 
AGILITY  OS  AIRCRAFT  RADAR  RETURNS 

1>.S.  Whitlock,  A.M.  Shsphsrd  Md  A.L.C,  Quigley 
Ministry  of  Defence  {Nsvy),  A.S.W.E.,  Fortsaouth,  England. 


SUMMARY 

A  C-fcand  radar  with  pulc*-to-pul$*  fraquanoy  agility  ia  uaad  to  invaatlgata  tha  affects  of  frequency 
change  on  aircraft  echo  aaplitude  aad  ecanned  echo  pattern*.  Decorrelation  effect*  of  pulse- to-pulee 
frequency  changes  from  sero  to  193  MHz  have  been  nsasured  using  Saa  Hash  and  Comet  aircraft.  The  aircraft’* 
radar  cross-section  changed  by  a*  nuch  as  20  dB  for  a  fraquanoy  o hangs  of  20  MHz.  The  frequency  cross- 
correlation  coefficient  is  2ero  for  a  frequency  change  of  20  MHz  and  is  negative  for  larger  changes.  Ho 
significant  difference  between  the  frequency  correlation  coefficient  was  found  for  the  two  aircraft 
studied.  Soae  effects  of  fraquanoy  agility  on  scanned  echo  patterns  and  aoho  fading  are  presented. 

1 ,  INTRODUCTION 

The  radar  cross-section  of  reflecting  objects  is,  in  general,  dependant  on  the  frequency  of  the 
incident  radiation,  hence  a  change  in  radar  transmitted  fraquanoy  nay  result  in  a  change  of  echo  aaplitude. 
This  dependence  of  radar  cross-station  on  frequency  nay  be  exploited  in  a  n unbar  of  aqys;  for  example  it 
■ay  be  advantageous  to  induce  changes  in  the  aircraft  aoho  aaplitude  by  appropriate  changes  in  radar 
frequency  in  order  to  reduce  echo  fading.  Aa  eiperiaental  results  relating  aircraft  radar  crois-sectioo 
with  frequency  change  are  of  particular  value  to  tha  radar  designer,  some  appropriate  measurements  have 
been  carried  out  using  a  radar  with  a  pulse- to-puls#  frequency  agile  facility.  Tha  results  of  these 
measurements  are  detailed  ia  this  paper. 

2  THB  RADAR  AND  DATA  ACQUISITION  SYSTEM 

The  salient  parameters  of  the  radar  system  are  as  followss- 

Trenajdtted  Frequency  -  5.35  to  5*65  GHz 

Transmitted  Peak  Power  -  1  UK 

Puls*  Length  -  2  microseconds 

P.R.P.  -  196  p/a 

Antenna  Gain  -  38  dB 

Antenna.  Beta  Width  -  1 .5  x  1 .5°  (3  dB,  two-way) 

Polarisation  -  Horizontal 

Receiver  -  Logarithmic  Saapona* 

z.r,  -  30  MHz 

Noise  Figure  6  13 

A  block  diagram  of  tha  system  is  shorn  in  Fig.  6.1 . 

The  radar  ay* tew  is  fully  coherent  and  the  tranaaitted  frequencies  are  produced  hr  multiplication 
from  a  frequency  synthesiser  operating  in  the  range  8A  to  92  122*.  This  facility  is  backed  by  a  special 
purpose  control  computer  giving  a  choice  of  pulsa-to-pulae  frequency  increments,  at  C-band,  between  sero 
and  198  MHz ,  Random  or  pattern  frequency  jumping  i*  possible  sine*  all  frequencies  In  the  band  are  defined 
by  any  on*  of  128  different  7-digit  binary  number*. 

Two  modes  of  pulse- to-puls*  frequency  agility  were  used,  visi¬ 
ts)  ’Alternate’  mod*  in  which  only  two  frequencies  were  transmitted  in  sequence  fi,  fo;  fj ,  fp; 
etc.,  see  Figure  6.2.  The  frequency  change,  4f  *  f 1  -  f?,  could  be  varied  between  sero  and  196  MH*. 

(b)  ’Staircase*  mod*  in  which  successive  pulses  were  transmitted  at  decreasing  frequencies  in 
equal  steps  for  8,  16  or  32  contiguous  pulses  before  reversing  beck  to  tb*  original  fraquanoy.  As  before 
the  frequency  change  per  step  could  be  varied  between  sero  aad  an  upp sr  value  which  waa  Halted  by  the 
number  of  steps  and  the  500  V&i  system  bandwidth. 

Whan  carrying  out  frequency  agility  experiments  it  is  essential  to  ensure  that  the  radar  performance 
i*  not  frequency  sensitive.  For  example,  it  was  known  that  the  aain  t.w.t.  output  power  could  vary  by 
♦  4  dB  over  the  frequency  band*  In  order  to  reduce  this  power  variation  an  electronically  controlled 
p-i-n  diode  attenuator  was  introduced  in  the  t.w.t.  transmitter  chain  so  that  tha  tranaaitted  power  levels 
could  b*  equalised  at  80  points  in  the  frequency  bend.  This  equalisation  is  automatic  with  frequency 
selection. 

It  was  recojpiissd  that  a  further  source  of  error  could  arise  fron  the  gaia/fi'eqv.eccy  chereotsristie# 
of  the  complete  receiving  channel.  This  characteristic  was  found  to  be  cyclic  serosa  tee  500  MHz  band  with 
a  gain  variation  of  ♦  2  dB  and  tha  technique  used  to  oompemsat*  for  this  gain  variation  is  dasoribed  below. 

The  radar  data  was  acquired  on-line  aad  transferred  to  paper  tap*  for  subsequent  analysis  and 
storage.  The  video  output  frrs  a  logarithmic  receiver  was  s espied  at  the  rang*  of  Interest  before  conversion 
into  a  7-digit  binary  signal.  Up  to  10,000  binary  video  samples  could  be  atoreo  in  a  computer  before 
transfer  to  paper  tape.  In  order  to  cooped sat*  for  chan gee  in  receiver  gain  the  actual  signal/noise  ratio 
was  measured  for  sach  video  signal.  Firstly,  the  signal  amplitude  was  seasured,  then  aa  automatic 
measureewt  was  mod*  of  tha  mew  nolsa  level  over  a  period  of  3  aa  following  the  receipt  of  the  signal  but 
before  the  next  frequency  chan go  »**  initiated.  The  computer  wee  programaod  to  store  the  difference  between 
the  two  logarithmic  values. 


3.  DESIGN  OP  SXPK RMCiTS 

3.1  Basic  Effects  of  frequency  Ability 

The  average  value  of  an  aircraft's  radar  cross-section  generally  varies  little  with  frequency  over 
the  bond  t  GHz  to  10  Gils,  Reference  1.  Nevertheless  it  can  be  demonstrated  that  a  snail  change  in 
tranenittei  frequency  can  produce  a  significant  ohsnge  in  aircraft  cross-seotion.  This  apparent  anomaly 
arises  because  tha  reflectivity  of  an  aircraft  shoes  fine  structure  variations  with  frequency  which  are 
normally  smoothed  iu  gross  aeaiurenents.  Consideration  of  a  staple  aodel  illustrates  some  of  the  salient 
features  of  this  frvquency/orous-seo lion  relationship. 

let  the  aircraft  be  represented  ty  two  identical  spherical  scatterers  spsosd  a  distance  'd*  apart. 
Other  aircraft  aodels,  Refarenos  2,  have  been  proposed  but  are  not  necessarily  more  realistic.  Tha 
amplitudes  of  the  two  reflected  coop  omenta  received  by  an  illuminating  radar  aay  be  expressed  in  tha  tom 


a,  »  K  Sin  («t  ♦  H  ♦  feMgi.P  ) 

*2  >  I  Sis  (wt  ♦  ft  -  ) 

there  1  it  a  constant  derived  froo  tha  radar  aquation,  0  an  arbitrary  phase  angle  and  0  the  angle  between 
the  line  joining  the  reflectors  and  tha  radar  line  of  sight,  i.e  the  aspeol  angle.  The  resultant 
received  power  x  is  proportional  to: 


jffoa  ( 


2nd  Cos  fl 


or  expressed  explicitly  in  terns  of  frequency: 

p  -  F.  ,  »df  Coa  C  a* 

P(r)  *  l*  '  ft  (1) 

Zt  will  be  noted  that  P/r\  varies  pxricdloally  with  ft.  This  produces  tha  well-known  scintillation 
characteristics  of  airofeft  echoes  when  change#  in  9  of  9.1°  may  change  the  aircraft  areas- section  by 
20  IB  or  wore,  further,  the  received  power  varies  periodically  with  frequency;  in  feat,  for  a  given  aspect 
angle  the  aircraft  cross-section  varies  as  the  product  of  the  separation  ef  the  scatterers  snd  the  frequency. 
Using  this  tipple  nodal  it  esn  be  shown  that  for  a  spell  change  la  frequency  tha  part  pup  cross-section  change 
occurs  when  if  w  10  HHs- 

This  tipple  model  has  been  used  to  highlight  two  lapertant  offsets: 

(a)  The  magnitude  of  the  change  ia  aircraft  ereaa-aaetioa  dee  to  a  change  in  frequency  is  espeet 
dependent. 

(b)  The  megimup  ohsege  in  oroes-seotian  ahould  occur  when  the  ehsnge  ia  frequency  is  about  10  MBs. 

Initial  experimental  results  did  indicate,  la  feat,  that  for  a  fixed  change  of  frequency  the  erose-eeoi den 
change  of  a  particular  aircraft  was  not  reproducible  unless  the  espeet  remained  virtually  constant,  la  tha 
design  of  the  ruder  experiments  it  was  necessary  to  decide  cm  the  parse* ters  which  would  express  the 
quantitative  affects  of  frequency  agility  in  a  font  which  was  aescvlngful  end  had  value  to  system  designers. 
Tha  eholee  of  such  parameters  ia  discussed  in  tha  next  section. 

3.2  Pulse- to-Pul  as  Amplitude  Changes 

Given  time,  aircraft  echoes  will  become  deeorrslated  even  at  fixed  frequency  due  to  random  aspect 
changes.  Alternatively  tha  aircraft  echoes  may  be  deeorrslated.  by  rip  id  frequency  changes.  In  practice 
time  and  frequency  decorrelation  may  both  operate  so  tha  received  signal.  These  effects  sty  be  express*! 
quantitatively  through  the  us*  of  correlation  coefficients,  but  without  computational  assistance  the 
derivation  of  these  coefficients  is  laborious.  In  the  early  stages  of  the  experimental  studies  a  computer 
facility  was  not  available  ao  acme  alternative  par  ewe  ter  was  sought  which  ocald  be  derived  siaply  snd 
which  expressed  quantitatively  the  deoorrelatlng  effects  of  frequency  agility. 

Consider  a  tree  emitter  operating  ia  the  alternate  frequency  cjlle  soda,  than  two  interlaced  signal 
pulse  trains  will  be  received,  each  train  correc pending  to  one  of  tho  two  trsosnitted  frequencies,  let 
these  pulse  trains  be  identified  es  p  and  q,  where  p  ■  q  »  1  to  n,  where  a  is  the  total  number  of  pulses 
la  each  train,  bat  As  be  the  ©lung*  ia  smplituda  between  sucoeexive  pulses,  than  tha  seen  square  of  As 
ia  given  by: 

where  «p  and  aq  are  the  amplitude  deviations  from  the  mean.  Renos 

JP  «  ♦  *|  -  2*p»q  »  sf  a2  -  OpS^l  if  a2  r  ej  «  a| 

P-*a  ^  J 

-F^J 

where  p  ia  the  ercss- correlation  eoeffielemt.  Therefore, 
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«o  that  th*  mesa  cquare  pulse-to-pulse  amplitude  diffaranoa,  which  is  aimpla  to  oompute,  is  related  to 
tbs  orosi-oorrsl.sM.wi  coaffieiaat  through  Squat, loo  (2)  to  long  ss  tbs  basic  assumptions  ars  valid*  Tbs 
oorrslition  coefficient  may  bs,  of  courts,  both  tins  and  frequency  dependent. 

Xt  is  of  intsrs.it  to  not*  that  whan  pulta  staples  ars  taken  from  a  touros  of  Gaussian  nciss  and 
unoorrslatsd  than  tbv  r.a.t.  pulis-to-puli*  diffsronca  after  processing  through  a  narrow-band  logarithmic 
reoeiver,  can  bs  theoretically  derived,  Appendix  I,  and  is  given  by: 

(A*2)  **  jr  io£"Vo  - 

Tbs  standard  deviation  of  pulaat  which  hors  a  log-Rayleigfc  distribution  of  aaplituds  bat  also  been 
dsrivsd,  Reference  3,  vis: 


(?)  *■  JTigflS  •  5-5’“  _ 

Tharafora  for  pultss  originating  froa  Gaussian  soils  tod  unoorrslatsd  than  (d a2)/(*2)  «  2,  which  agrees 
with  Bquation  2  as  p  *  0. 

Tbs  objsot  of  this  analysis  Is  to  show  that  4?  is  n  simply  computed  parameter  which  kbj  bs  ussd  as 
a  asaturs  of  dsocrrslatioa  of  a  pulse  train,  svan  Asa  only  two  dlsorots  fra  quassias  art  transmitted. 

Vbsrs  tbs  pulss  train  is  noiea-like  ayd  decorrelated  from  pulse- to-pulse  sad  tbs  train  is  proesasod  by  an 
idsal  logarithmic  raotivtr  than  (Aaz)i  ■  7*38  dB.  Xt  is  important  to  aota  that  few  logarithaic  rscaivsrs 
hav*  idsal  eharaotsrlstios  so  far  as  thsir  rs specs*  to  noiee-llke  signals  is  ooncernad,  Reference  4. 

3*3  Methods  of  Aircraft  Bobo  Measurement 

■hen  frequency  agility  data  froa  aircraft  was  required  it  was  usual  to  operate  tbs  radar  in  a 
•  search-light 1  node  with  — nual  range  gating  and  tracking.  Tbs  antenna  was  elevated  to  1*5°  and  tits 
aircraft  wars  dirsotsd  to  fly  19  or  iom  tbs  stationary  bean  fro*  a  uailw  range  of  30  alias  to  a  alsiaua 
rongs  cf  30  ailes.  Continuous  data  runs  of  ovsr  five  minute*  at  a  noainally  baad-on  aspect  wars  possible 
although  in  practice  each  run  was  sub-divided  into  40  second  (20V8  pulses)  periods,  each  period  corresponding 
to  a  particular  value  of  At. 

Wban  sesnnsd  so  ho  patterns  esrv  required  than  both  aanual  range  gating  end  asiauth  gating  wars 
applied  simultaneously  with  the  antenna  rotating  at  6  rsv/ain.  When  tits  getse  wars  following  correctly  a 
ooaputsr  was  switched  to  acquire  date  end  th#  seamed  echo  pattern  was  passed  into  the  store  for  subsequent 
prlnt-out  by  a  lias  printer. 

4.  RXSJLT3 

4.1  Initial  Xspsrlaseta 

/=5  Xsrly  work  using  frequency  agility  was  directed  at  land  clutter  and  figure  6.3  shows  values  of 
yd  a*  obtained  Aon  the  resolution  cell  contained  agricultural  land,  figure  6.3  shows  that reaches 
a  mti—  whanAf  ml/pulae  length.  Being  the  sens  data,  it  was  found  that  the  euto-corrslstlcn 
oosffioisnt  for  one  pulss  lag  reached  a  minimum  ohm  &f  •  lA. 

Initial  aircraft  experiments  using  unidentified  aircraft  targets  of  opportunity  yielded  results 
similar  to  those  also  shorn  in  figure  6.3.  for  all  aircraft  trials  the  alternate  frequecoy  jumping  mode 

was  used.  Xt  was  found  that  the  curve  o fjde2  against  A f  was  very  variable  from  run  to  run  even  for  the 
sms  aircraft,  presumably  due  to  random  ohangee  in  aspect.  Xt  became  apparent  that,  ter  consistent  data, 
it  would  he  neoessaxy  tc  make  observations  against  controlled  aircraft  whose  sapeota  would  be  better 
defined. 

4.2  Sea  Hawk  and  Comet  Measurements 

Using  aircraft  controlled  from  A.S.ff.2. ,  two  experimental  runs  were  carried  out;  one  using  a  Sea 
Hawk  GA6  and  the  other  j  Comet  4.  The  object  of  ehoosing  these  very  differs* t  aircraft  types  wee  to  try 
to  resolve  any  dependence  of  frequency  agility  response  on  aircraft  airs.  The  Sea  Hawk  wing-span  is  12a 
whilst  that  of  the  Const  is  35*.  figure  6.4  shows  the  values  of/S*?  plotted  against  the  frequency 
separation,  Af,  ce tween  transmitted  pulses  for  the  Set  Hawk  in  both  opening  «od  closing  flight.  Xeoh 
point  on  the  graph  corresponds  to  2048  pulse*,  l.er  about  10s  of  reoord.  kiximum  decorrelation  appears 
to  scour  at  about  13  MBs.  ispiltude  probability  density  function*  wars  computed  shout  s  taro  mean  and 
figure  6.5  shows  a  ease  of  a  biamodal  distribution  duo  to  a  shift  in  rssn  orost-eeetion  of  6  as  as  the 
frequency  is  changed  ty  128  KHs. 

*>e  Comet  eaperimsnta  prodncod  results  very  differmt  fre*  those  obtained  using  the  Sea  Hawk  fur 
the  Comet  return*  were  fotssd  to  be  largely  decorrelated  even  at  fixed  frequency,  Bain  olutter  Cl5  dB 
ihovt  noise)  corrupted  part  of  the  recordings  although  the  Comet  return  mss  generally  30  dB  above  noise. 
However,  it  ie  believed  that  the  rapid  modulation  on  the  Comet  return,  corresponding  to  a  head-on  aepeot, 
could  be  due  to  engine  turbine-blade  motion,  figures  6.6  nnd  6.7  illustrate  the  effect  of  this  intrinsic 
decorrelation  process  which  tends  to  hide  the  effects  due  to  frequency  agility. 


A  penalty  of  using  a  relatively  low  P.H.F.  (l5»6  p/s)  for  frequency  agile  experiments  Is  that  there 
is  generally  a  significant  decree  uf  time  decorrelation  superimposed  on  any  decorrelation  due  to  frequency 
change.  This  probleo  is  clearly  decor. ttrated  in  Figure  6.8  ahich  shows  values  of  the  autc-eorrelatir® 
coefficient  derived  frcxa  the  Croat  data  using  an  alternate  frequency  J unpin £  code.  The  velue  of 
coefficient  falls  rapidly  for  ono  pulse  leg  due  to  the  tir.e-decorrelating  proesas  intrinsic  to  the 
aircraft,  then  the  coefficient  alternates  between  two  values  due  to  ehengee  in  frequency.  The  upper 
dotted  line  in  Figure  6.8  corrwsponia  to  the  suto-correlatton  curve  for  the  fixed  frequency  aaso  (every 
other  pulse  is  at  the  sure  frequency),  '.this  upper  curve,  therefore,  reflects  only  time  decorrelation, 
p(t).  Hostever,  the  lower  curve  traces  values  of  the  coepasit*  correlation  coefficient,  p  (t,  f).  In  an 
attempt  to  isolate  p(f)  it  is  essuiaed  that: 

P(v,  f)  v  p(x)  .  P(f)  (3) 

Having  made  this  assumption,  then  using  all  the  aircraft  data  tapes,  the  outo-correletion  coefficients 
corresponding  to  all  pul#.e  lags  between  !  end  10  wore  eerputed  for  the  various  values  of  if.  Using  this 
reduced  date  the  mean  valuee  of  p(t,  f)  end  p(x)  were  calculated  and  hence  the  values  ofp(f)  using 
equation  3.  The  results  of  this  approach  are  plotted  in  Figure  6*9  and  show  no  appreciable  difference 
between  the  Conet  and  6ea  Haw's  to  far  as  their  frequency  dependence  is  concerned  despite  their  different 
fuselage  length*.  This  snslysi*  also  shows  that  p{f)  «  0  for  if  *  29  KSc  and  that  the  cone.’atiop. 
coefficient  in  the  frequency  domain  it  negative  for  larger  frequency  changes.  This  is  in  accord  with 
the  concept  that  an  aircraft  consists  of  a  few  dominant  sestterers. 

A. 3  Scanned  Aircraft  Kcho  Amplitude  Patterns 

Further  experiment*  were  performed  in  order  to  rlaulet*  aircraft  echo  amplitude  patterns  aa  would 
be  obtained  when  using  a  frequency  scanned  antenna.  Zci  feci  a  ssohanically  asisruth-soenned  antenna  wee 
need.  The  data  acquisition  technique  is  described  la  lection  3.3  for  targets  which  were  unidentified 
aircraft.  Using  fixed  frequency,  the  ideal  signal  pattern  should  only  refloat  the  two-way  antenna 
radiation  pattern,  or  show  in  Figure  6.10(a)  which  is  a  facsimile  of  a  computer  print-out.  However, 

Figure  6.10(a)  deplete  a  rare  occasion  for  It  le  sore  probable  that  a  fade  will  coincide  with  the  tine 
the  beam  is  incident  on  the  aircraft,  as  is  shown  in  Figure  6.10(b).  Then  alternate  frequency  jumping 
ic  used  the  echo  patterns  show  considerable  modification.  For  the  no-fading  ou m,  Figure  6.11(a),  the 
two  patterns  corresponding  to  the  two  frequencies  can  ba  resolved  clearly,  ihs.t  fading  is  concurrent 
with  scmmlng  the  effect  of  the  two  frequencies  is  clearly  shorn  In  Figure  6.1  i(b)  where  the  lcag  fades 
have  been  eliminated.  From  pulse- to-pulse  it  can  be  seen  that  a  ehsnge  in  frequency  of  6a  KHs  oxn  change 
ti  »  amplitude  of  the  return  by  as  much  ae  25  dll.  Other  records  show  numerous  examples  cf  large  changes 
ic  amplitude  for  relatively  as  all  changes  in  frequency.  There  a  staircase  form  of  frequency  jumping  was 
used  it  was  found  that  the  shape  of  the  echo  pattern  was  distorted  by  the  incremental  frequency  changes  so 
that  if  beam  shape  is  used  a*  a  detect  lor.  criteria  the  effect  of  frequency  agility  nay  degrade  detection 
performance. 

5.  coHc&sioa 

Xxpe risen tal  Investigations  have  confirmed  that  the  magnitude  of  an  aircraft's  radar  crose-section 
la  a  sensitive  function  of  transmitted  frequency.  Cross-section  changes  greater  than  29  dB  have  bema 
found  to  scour  for  a  puleo- to- pulse  frequency  change  aa  small  as  20  KHi  whereas  the  average  ehenge  in 
erosa-aentlon  was  found  to  be  about  6  dB  for  a  20  MKs  change  in  frequency.  For  aircraft,  a  complex 
periodic  cross -sec  tievv^frequen  ay  relationship  exists  which  is  analogous  to  the  orMs-secticx^'aspeet 
relationship;  therefore  a  change  in  frequency  nay  result  in  the  decorrelation  at  the  aircraft  return,  ae 
would  a  change  in  aspect.  Frequency  correlation  coefficients  (subtracted  mean)  hare  been  calculated  from 
data  corresponding  to  nominally  head-on  aspects  of  a  Sea  Hank  and  Const  aircraft.  Zt  2*  found  that  the 
coefficient  is  sera  for  a  pulse- to-pulse  frequency  change  of  about  20  Ms  but  for  frequency  changes 
between  30-200  Ms  the  coefficients  eve  negative.  Some  theories  suggest  that  the  frequency  change 
necessary  for  maximum  dseorralaticn  should  be  inversely  proportional  to  aircraft  alee,  or  eratterer 
separation,  but  no  significant  difference  was  found  between  the  frequency  ohongt  necessary  te  ieocrrelst* 
the  returns  from  a  Sea  Basic  (wing  span  12m)  and  a  Comet  A  (wing  span  35m)  sire r» ft. 

The  mein  advantage  of  frequency  agility  as  an  aid  to  aircraft  detection  derives  St cm  the 
ocweidercbls  reduction  la  the  occurrence  of  long  fades  cf  the  target  echo.  This  advantage  smy  be  obtained 
using  only  two  frequencies  separated  by  20  Ms;  time,  on  average,  successive  returns  mill  bo  decorralatcd 
and  fade  duration  will  be  confined  to  one  pulse  inters*!.  However,  la  mmy  casus,  for  example,  where  the 
natural  fading  rate  is  high  and  the  sigpaVaolse  ratio  large,  the  use  of  frequency  agility  will  not 
eerily  Improve  the  probability  of  detection. 
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wirsK-iyuptjLss  onrrsRTXcss  at  stupas  noise  at  the  corfUT 

OF  A  LOGARKtflaC  RECSIVKE 


M.H.A.  Snitfc,  A.2.W.E. 

1.  WCMVATION  Of  THE  W18E-TO-W15E  DIFFERENCE  FROEABIOTY  DENSITY  FUNCTION  (P.D.F.) 


let  the  aeplitud#  of  tbo  logarithmic  receiver  output  staple  be  *>•'  43  (with  rtapect  to  *  detuB 
which  will  be  defined  latar)  and  lot  tbo  probability  denilty  for  thin  aaplitudo  b«  f(y).  By  definition, 
tboroforo,  tbo  probability  that  tho  output  of  tbo  receiver  will  lio  within  tbo  rang*  'y1  to  'y  By'  io 
f(y).6y.  Similarly,  tho  probability  that  tho  o-tpur  will  Jio  within  tho  rang#  'y  ♦  D'  to  *y  *  D  *  6y'  io 

*&♦&). ay. 


Xt  is  as*ua»o<t  that  successive  temples  of  tho  rocoiver  output  aro  uncorreleted.  This  assumption 
ia  trva  for  a  noise  wavoforw  if  tho  sempiing  rato  io  much  looo  than  the  receiver  bandwidth.  Tho 
probability  after  a  pules  has  occurred  in  tho  amplitude  range  *y*  to  'y  +  By'  that  tho  next  pulse  will 
occur  in  tho  range  ‘y  ♦  D*  to  *y  ♦  0  ♦  6y'  ia  new  simply  the  product  of  tbo  probabilitieo  of  tho  two 
individual  ocourrencss,  i.o.  f(y).6y.f(y  ♦  D).6y. 


If  the  amplitude  difference  between  two  suocesoivo  pulses  is  D  43,  then  the  flret  pulse  con  tabs 
on  any  value  whatsoever  in  the  permissible  range  of  *y* ,  provided  only  that  the  second  pulse,  which  is 
specified  to  be  the  larger  in  aaplitudo  by  D  dB,  aloe  lias  within  tho  permissible  range  of  'y* .  bet  the 
p.d.f.  of  'D1  be  denoted  by  p{D),  then  tho  probability  that  the  difference  between  euoceetiva  pulses  lies 
between  *C*  end  '£  ♦  By'  la 

p(»).By  *  *  f(i')*6y*f(y  ♦  »).6y 

whore  the  summation  is  to  be  performed  over  *11  pwimis  stole  values  of  *y* .  Since  By  eon  be  considered 
as  a  factor  this  equation  can  be  rewritten. 


p(D)  « 

y  f(y).f(y  ♦  ®)^y 

or,  ia  tho  limit. 

p(D)  « 

J^f(y).f(y  ♦  C).dy 

. (i) 

y 


Now  Reference  3  show*  tu't  tbo  p.4/%  of  the  noise  output  free  a  lo-»-‘*'atio  receiver  can  be 
written 

f(y)  K.*,exp(-e),  .....  (2) 

where  .  .  1(,(y/,°), 

rid  K  s  ln(lO)/lOy 

giving  y  »  10  log  a  »  lc(*)A. 

The  detun  tern  which  ’y*  ia  ae&sured  is  2,50  dP  ab ova  the  ween  T ’>0erl"!?v' t  noise  level  and  ia  in 
fact  the  nodal  value  of  the  logarithmic  noise  output  p.d.f. 


For  an  ideal  logarithmic  receiver  *yf  con  i*k*  on  any  value  free  -oo 
Thus  p(®) 


where 


j  f(y).f(y  *  »}.dy 

•a 

i  (JC  s  ejcp(-  «))(*  s?  exp(-  £  ))(l/!\^.4* 

t 

10(y  ♦  ®)/-o  r  10(y/io)<10(£/'iO) 


(;,  bis) 


If  we  now  denote  the  linear  ratio  of  tbo  two  successive  pulso  amplitudes  cj 


*(l  ♦  r)).d* 


then 
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r 

and 

p(») 
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K  rf*.«tp(» 

therefore 

pO) 

9 

K  r/(l  v  r)» 

whore 
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10(I/10) 

end 

K 

9 

In(l0)/10 

3h*  mode  of  this  p.d.f. 

occurs 

for 

r  =  1  or  J?  a 

(3) 


difforenc*  is  aero,  and  the  aMal  value  U  ceen  to  be  K/a  (i.e,  0.05756).  If  the  *o*t  probobU  pu’*»-to- 
pulse  diffareue*  were  not  aero  than  there  would  bo  an  upward  hr  downward  trend  in  the  noon  noiss  1,.  el. 
<*d  it  ia  tacitly  assumed  that  tbia  ia  cot  ao. 


The  total  araa  under  tha  p«d*f*  ic 


oo 

J  p(D)  .dD  * 

■UJO 


to 


/ 


i 


(r/K).p(r).dr 


1/(1  ♦  rf  d Sr 


1 


This  vain*  is  to  be  expected  ss  it  includes  all  possible  values  of  '0' . 

2.  STANDARD  deviation  of  the  pulsk-to-fjiss  difference  p.p.f. 


Th*  p.d.f.  of  ths  pulae-to-pulse  difference,  0,  is  given  by 

p(0)  *  Xr/(l  ♦  p f  . (3,  bi») 

where  r  *  10(D/l°) 

If  the  standard  deviation  of  the  p.d.f.  is  denoted  by  or  thea 


o» 

e 

09 

J  pOO.lP.dD 

“to 

0 

r 

a 

j  p(D).tf.d D,  fr*;- .  considerations  of  syneetry 

Wow 

0 

K 

•oo 

ln(r)/K 

end 

dD 

= 

(l/Kr)dr 

a 

so  that 

o* 

* 

JT  (*»  *f/(  1  ♦  r)*4r 

0 

* 

where  1  denote*  the  definite  integrals 


This  integral  is  not  easily  evaluated  close  th*  logarithnic  tens  becomes  infinite  a<  tic  lovsr  Unit  , 
and  tha  por.er  series  expansion  for  the  danoaicator  is  not  valid  at  th*  upper  limit.  Hovever,  1q  5 

if  we  substitute  (la  r)*  for  In  x  a rd  sat  th#  par  see ter  'p*  to  taro  w#  obtain 

I  >  2I(-  i)“/(n  *  if  ' 

n---0 

Therefore  3/2  a  l/l*  -  i/t  *  1/f~ -  ; 

»  **/l2  by  Safereaoe  6  -~ 


Substituting  beck  into  Equation  (5) 


i,e. 


o»  =  *V(3  5f) 

J  a  %/<&  X) 

a  1  <*/(/?. Ill  10) 

=  2i§2Ul 


(5) 
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figura  1  Radar  gyateu  Block  Diagram  Figure  2  Frequency  Agile  kedoo  (a)  Alternate  Kode;  (b)  Sta.Lrca»«'  Mode 
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SUMMARY 

In  the  fifteen  or  so  years  since  publication  o?  detection  probability  curves  for  the  so-called 
"Swerling"  target  fluctuation  models,  analysis  of  target  signature  data  for  many  different  target  popula¬ 
tions  ha*  Indicated  that  the  Swelling  models  do  nor  necessarily  describe,  or  even  bracket,  the  radar  cross 
section  (RCS)  lluctuatlon  behavior  of  all  targets  of  Interest,  For  this  reason,  nwch  broader  families  of 
target  RCS  _odels  have  baen  developed,  of  which  the  Swerllng  models  are  spedlel  cases,  and  detection  pro¬ 
bability  curves  have  been  generated  for  these  broader  families. 

This  paper  will  review  several  of  these  broader  families  of  target  signature  models,  including 
fluctuations  whose  statistical  behavior  Is  governed  by  chi-square,  log-normal,  and  Rice  distributions; 
will  briefly  describe  possible  physical  cliaraetcristies  of  targets  which  tend  to  give  rise  to  these  dis¬ 
tributions;  and  will  review  detection  probability  results  lor  those  families.  Partially  correlated  cases 
Will  be  included. 


Several  methods  will  be  given  whereby  published  detection  probability  curves  can  be  Interpol. ted  or 
extrapolated  in  a  simple  manner  to  partially  correlated  cases  as  well  as  to  other  probability  distributions. 

Most  if  the  results  to  be  discussed  assume  c.  ventional  radar  receiver  models  of  the  type  assumed 
by  Marcum  and  Swerllng  in  their  early  work.  However,  a  brief  discussion  will  be  given  of  the  consequences 
of  various  target  models  for  more  intricate  types  of  receiver  processing  such  as  Constant  False  Alarm  Rate 
(CFAR)  methods,  frequency  diversity  methods,  and  high  resolution  (short  pulse)  methods. 

1.  INTRODUCTION. 

1.1.  Purpose  and  Outline  of  the  Paper. 

Oversimplified  descriptions  of  the  reflective  properties  of  radar  targeta— for  example,  the  des» 
crlptlon  of  a  target  simply  as  having  a  radar  cross  section  of  so  many  square  meters— can  lead  to  incor¬ 
rect  performance  predictions.  For  this  reason,  the  "classical'’  target  fluctuation  models  (the  Swerllng 
cases.  Ref.  1)  were  Introduced,  and  the  effect  of  such  fluctuations  on  detection  performance  were  analysed. 

However,  since  that  time  it  has  become  apparent  that  these  conventional  models  may  still  be  inade¬ 
quate  as  descriptions  of  target  behavior;  in  fact,  the  origin*!  Swerllng  raodelr  do  not  s  :ce»sartly  describe 
or  even  bracket  the  fluctuation  behavior  of  all  target  populations  of  Interest.  Various  examples  will  be 
given  below. 

In  the  years  since  these  models  were  originally  formulated,  methods  have  been  worked  out  for  com¬ 
puting  detection  probability  for  essentially  arbitrary  types  of  fluctuation,  and  specific  numerical  results 
have  been  developed  for  a  great  many  cases.  The  present  paper  will  sumtaarlze  many  of  these  results,  and 
refer  to  the  literature  where  further  such  results  can  be  found. 

In  Section  2.,  three  families  of  fluctuation  mode's  will  be  described  which  have  been  found  to  des¬ 
cribe,  to  a  reasonable  approximation,  many  target  populations  of  interest— though  even  these  three  families 
are  not  co -extensive  with  all  cases  of  practical  interest.  Possible  scattering  mechanisms  which  may  give 
rise  to  these  models  will  also  be  discussed. 


Iti  Section  3.,  general  methods  will  be  stated  by  which  detection  probability  can  bs  calculated  for 
arbitrary  fluctuations.  Also  in  this  section,  a  number  of  methods  will  be  stated  oy  means  of  which  the 
actual  teak  of  calculation  can  be  , really  simplified. 

In  Section  4.,  detection  probability  results  will  be  given  (ot  appropriate  literature  referred  to) 
for  the  three  families  ini  —ioced  in  Sec.'-ion  2.  The  methods  by  which  these  results  were  obtained  in  Home 
cases  afford  examples  of  the  simplified  (but  still  very  accurate'  methods  stated  in  Section  3. 

Section  5.  gives  a  very  brief  discussion  of  some  related  topics,  chiefly  the  relation  cf  target 
fluctuation  models  to  more  intricate  types  of  signal  processing. 

1.2,  Assumptions  for  Radar  Detection  Analysis. 

The  radar  receiver  model  upon  which  the  results  of  this  paper  are  based  is  the  one  conventionally 
employed  for  detection  analysis,  as  in  Figure  7-1. 

The  Input  to  the  detector  can  be  written  as 

detector  input  •<  v(t)  cxpfjwt)  (1) 

where 

w  •  I1‘  frequency  (radl*ns/*ec) 
v(t)  ■  complex  envelope  of  detector  input 


v.  ■  complex  envelope  of  detector  input  »t 
the  time  epoch  of  the  i1"  sample. 


Let 
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•  it  » »  the  Hticci??  1 ;  ^  squ2tc  **»•  enve lopr  *ietceisr,  outputs  i,^  yhcre 


,  .  i  !v  i2 

£  2  '  f 


(2) 


(Tho  constant  1/2  Is  for  u.-.  lytic  convenience  and  involves  no  loss  of  generality.  It  Is  aloo  the  case 
that  the  ensuing  results  are  not  sensitive  to  the  specific  detector  law  assumed.) 

The  Integrated  signal  V  is 


/.  or  w 

l«l  !  ‘ 


(3) 


where  or,  are  positive  constants. 


th 


Tlie  i Ignat-tc-nolse  ratio  for  the  l  '  sample  will  be  denoted  K^,  i.e 


th 


»  ratio  of  signal  energy  to  noise  power  density  for  the  l  sample 


The  noise  will  be  assumed  to  be  Gaussian  and  independent  from  sample  to  sample.  This  does  not  ne¬ 
cessarily  restrict  consideration  to  thermal  noise  In  the  receiver. 

Some  additional  comments  and  assumptions  arc  as  follows. 


(a)  The  term  "Sample"  Is  used  here  instead  of  "pulse",  although  In  most  cases  each  pulse  may  In 
fact  be  a  separate  sample  and  vice  versa.  Kcwever,  the  analysis  applies  to  some  cases  when  the  concepts 
of  pulse  and  sample  any  not  be  identical.  For  instance,  a  sample  may  consist  of  a  matched  filter  response 
(at  a  specified  time  Instant)  to  a  pulee  burst,  or  to  a  coherent  pulse  train. 

As  an  example,  suppose  the  radar  is  fully  coherent  for  Che  duration  of  a  target  illumination  time, 
t.e.,  all  pulses  during  the  target  illumination  time  are  coherently  processed.  In  that  case,  N  *  1,  i.e., 
the  number  of  samples  per  illumination  time  Is  one,  although  the  number  of  pulses  may  be  greater  than  one. 
Moreover,  the  assumptions  of  the  analysis  are  satisfied. 

If  the  radar  coherently  processes  several  non-overlapping  pulse  trains  (e.g.,  pulse  bursts)  during 
the  illumination  time,  Chen  the  assumptions  are  still  satisfied  but  each  sample  corresponds  to  several 
pulses.  If  the  receiver  coherently  processes  overlapping  sets  of  pulses  (as  in  a  pulse-cancellation  MIX 
receiver),  the  assumption  of  aanple-tc-i ample  noise  independence  is  no  longer  satisfied  but  it  may  still 
be  possible  to  apply  the  analysis  approximately. 


(b)  It  Is  assumed  that  the  target  signal  strength  does  not  significantly  fluctuate  within  the  co¬ 
herent  processing  time  of  the  radar  receiver.  This  assumption  is  usually  true  unless  the  coherent  proces¬ 
sing  time  eutendc  aver  more  than  one  pulse. 

if  the  assumption  Is  violated,  the  signal  phase  fluctuations  are  generally  of  greater  significance 
to  the  resulting  performance  than  are  the  amplitude  fluctuations. 

1.3,  Signal-to-Kolse  Ratio  Fluctuations— Effects  on  Detection  Performance. 

In  general,  due  to  a  number  of  factors,  particularly  but  not  exclusively  the  fluctuation  of  target 
radar  cross  section  (RCS),  the  slgnal-to-nolso  ratios  x«  are  themselves  random  variables.  Subject  to  t‘.  t 
assumptions  Just  stated,  the  effect  of  fluctuations  on  detection  performance  can  be  entirely  specified  by 
the  joint  probability  density  function  p(xi,...,xg)  of  the  signal- to-uolse  ratios  for  the  N  samples. 

Thus,  the  required  target  model  must  be  capable  of  predicting  this  Joint  probability  density. 


There  Is  one  condition  under  which  thv  required  specification  of  target  fluctuation  Is  such  simpler. 


Specifically,  If  the  of^'s  all  have  the  same  value,  then  It  can  be  shown  'Section  3.;  also  Ref.  2) 
chat  the  effects  of  fluctuation  on  detection  are  entirely  de termites)  by  the  probability  distribution  of  X, 
where 


H 

-  E 
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(4) 


We  shall  use  thli  fact  extensively  In  what  Is  to  follow.  In  this  connection  It  Is  convenient  to  state  the 
following  definitions:  let 

N  _ 

X  -  mean  of  X  -  E  x.  (5) 

l-l  1 

where  x^  are  the  ensemble  means  (over  the  signal  fluctuations)  of  x^. 

Define  __ 

x  -  average  signal -to-nolst  ratio  (SNR)  ;  -  sample  ■  (6) 


We  nay  also  define 


the  second  moment  of  X  In  terms  of  the  second  order  moments  of  x^,  i  -  1,.,.K: 


Specific  formulas  to  be  given  In  Section  3 
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.  N  H 

F(X^)  -  T  £  F(xt  x.) 
i»!  j-1  ■' 


variance  ut  X 


(7) 

(6) 


’31scus3ion  of  the  Assumption  That  3^  “  Constant  (Independant  of  1). 

The  assumption  that  sfj  *  constant  (Independent  of  1),  l.e.,  that  the  video  Integrator  forms  a  uni¬ 
formly  weighted  sum  of  detector  outputs,  is  al..Ast  universal  In  lador  detection  analysis  and  Is  the  basis 
for  virtually  all  published  detection  curves. 

Such  an  assumption  Is  physically  true  In  same  cases  (e.g.,  la  many  automatic  radar  video  processors) 
but  not  lr.  others  (e.g.,  when  Integration  Is  performed  on  s  CRT). 

The  probability  distribution  of  the  Integrated  slgnai-plus-noise  V  can  be  obtained  without  this  as¬ 
sumption  (e.g.,  Ref.  3).  Extensive  calculations  based  on  the  results  of  Ref.  3  have  not  been  carried  out 
to  the  author's  knowledge. 

A  limited  amount  of  analysis  of  detection  probability  for  the  casv  of  non-constant  orj  (Refa.  4  and 
S)  Indicates  that  the  results  for  non-constant  can  be  clorely  approximated  by  those  for  constant  If 
in  the  latter  case,  the  "effective"  value  of  N  Is  appropriately  chosen.  However,  more  work  remains  to  ba 
done  In  this  area. 


2.  CATEGORIES  0?  FLUCTUATION  MODELS. 

A  major  portion  of  the  results  to  c<s  stated  will  ba  devoted  to  treatment  of  three  families  of  RCS 
fluctuation  models  which  have  bcv  \  observed  to  characterize  target  populations  of  interest:  the  chi-square 
family,  the  Rice  family,  end  th.>  log-normal  family.  Tnese  farllies  are  much  more  comprehensive  than  the 
conventional  fluctuation  tennis  (which  are  special  cases  of  the  chi-square  family).  It  is  not  contended 
that  even  these  more  comprehend Ive  families  describe  all  targets  which  may  be  of  practical  interest. 
However,  they  describe,  at  least  to  a  good  approximation,  a  wide  variety  of  target  populations. 

2.1.  The  Chi-Square  Family. 

2.1.1.  Definitions. 

A  random  variable  v  will  be  said  here  to  have  a  chi-square  distribution  if  its  probability  density 
function  (p.d.f.)  is  of  the  form 

’V*.”)  *  (griyp  z  (zr)  **?(“■“)  ,  v  >  o  (9) 

•  0  ,  v  3  0. 

where 

v  *  mean  of  v  (10) 

-2 

k  -  - * - - 

variance  ox  v 


Some  notes  on  terminology:  in  statistics  texts,  the  chl-aquare  density  functions  are  defined  as  in 
Eq.  (9)  but  vith  the  additional  requirement  that  ~  «  2k;  thus  the  conventional  statistics  text  definition 
is  that  of  a  one-parameter  family.  CXsr  chi-square  family  is  a  two -parameter  family  with  v  and  k  indepen¬ 
dent  parameters;  it  is  the  tame  a«  the  conventionally  defined  chi-square  family  up  to  ai.  additional  scale 
factor  v/2k.  (Our  family  is  also  equivalent  to  the  gasna  distributions  of  statistics  (Ref.  6).) 

Also,  in  statistics  texts,  2k  la  called  the  "number  of  degrees  of  freedom"  and  is  an  integer.  In 
our  utage,  2k  ia  not  required  to  be  an  Integer,  t.e.,  vs  will  allow  k  to  be  ary  positive  real  number,  al¬ 
though  we  will  sometimes  borrow  the  conventional  terminology  and  refer  to  k  as  "half  the  degrees  of 
freedom," 

When  tha  individual  signal -to-nolse  ratios  have  uhl-tquare  distributions,  we  shall  refer  to  the 
fluctuation  model  as  'Vide-aente  chi-square."  The  p.d.f.'*  of  the  Individual  •*,  are  then  obtained  by  aub- 
stltutlng.  in  Eq.  (9),  v  *  Xj,  v  “  x^,  k  •  kt  (the  individual  samples  may  conceivably  have  different  values' 
of  k>,  although  moat  of  our  tre’.tment  will  be  devoted  to  cases  in  wnich  k^  ■  k  is  not  dependent  on  i). 

When  X  »  T.  x*  aieo  ha*  t  chl-squar'  distribution,  we  shall  say  that  the  fluctuation  model  is  "strlct- 
seo*«  chi-square"  and  the  parameter  rapreaenting  half  the  degrees  of  freedom  of  X  will  be  written: 

-  0  ,  X  3  0 

Thus,  k  will  denote  the  degree-of-freedom  parameter  for  ihc  individual  sample*  and  K  the  parameter 
for  the  aut.  variable  X. 
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_/itso.  as  defined  In  Sq.  (6),  the  average  single-simple  SNR  x  la  by  definition  X/S,  or  In  other 
word*  X  “  Mx. 

2.1.2.  Rolailcn  of  k  :o  K. 

There  are  three  special  cases  In  which  X  Is  exactly  chi-square  distributed  If  the  Individual  aarop  .es 
ire  -i.i-square  distributed: 

(a)  Rapid  fluctuation  w) th  x.  drawn  from  a  common  chl-aquare  distribution.  "Rapid  fluctuation"  la 
defined  to  mean  that  the  values  of  xt ,  t  ■*  1. ...ji,  are  all  statistically  Independent. 

(b)  Slow  fluctuation  with  the  samples  having  a  crusnon  k,  but  not  necessarily  common  means.  "Slow 
iluctuacion"  la  defined  to  mean  that  the  values  of  xj/x^  are  all  Identical,  i  -  1,..,N. 

(c)  Block-correlated  fluctuation  with  jpsqsles  from  a  conaon  distribution.  "Block-correlated" 
fluctuation  la  defined  to  be  a  case  where  the  N  s/imples  can  be  subdivided  Into  F  equal-sized  groups,  with¬ 
in  each  group  the  samples  are  tsli  equal,  but  they  are  statistically  Independent  from  group  to  group.  F  Is 
called  the  number  of  independent  sample  groups.  Thle  model  would  characterize  a  case  In  which  a  target 
would  be  slowly  fluctuating  Ir.  the  absence  of  frequency  diversity,  and  in  which  F  different  frequencies 
(sufficiently  separated)  are  used,  with  X  a  multiple  of  F  and  an  equal  number  of  samples  at  each  frequency. 
(The  samples  In  each  block  need  not  be  successive  samples.)  Vnv.  relation  of  k  to  K  in  each  of  these  cases 
Is: 

Type  of  Fluciuitloq  gelation  of  k  to  K 

Rapid  K  *  ST; 

Slow  K  ■  k 

Block-correlated  K  *  Fk 


For  more  general  type*  of  correlation,  X  will  no  longer  be  exactly  cM-aquare  even  If  the  Individual 
samples  are.  However,  X  will  be  well  approximated  by  a  chl-aquare  distribution  heving^the  same  first  snd 
second  moment!  as  X,  l.e.,  the  distribution  of  X  will  be  approximately  chl-aquare  with 

H 

X  «  £  x  (12) 

l-l  1 


K  - 


variance  of  x 


(13) 


The  variance  of  X  la  given  by  Eqs.  (7)  and  (3),  Section  l. 

The  approximation  of  a  distribution  by  n  cni-squarc  distribution  having  the  same  first  and  second 
moments  as  the  given  distribution  is  equivalent  to  using  the  first  term  in  the  L* guerre  series  expansion 
(Ref.  I,  p.  189).  Thus,  we  are  saying  Chat  if  the  individual  samples  have  chi-square  distributions,  the 
distribution  of  X  can  be  well  approximated  by  the  first  term  lr:  its  La  guerre  series  expansion,  for  general 
correlation  properties. 

in  the  block-correlsteJ  case,  if  the  F  blocks  are  not  ail  of  equal  site  but  are  of  approximately 
equal  size,  than  X  Is  not  exactly  chi-square  distributed  but  it  is  approximately  chi-square  and  to  a  very 
good  approximation  K  *>  Fk.  For  example,  this  holds  if  there  are  F  blocks  and  N  is  not  an  exact  oailtlple 
of  F,  but  the  left-over  samples  are  assigned  to  block*  ae  evenly  **  possible.  (E.g-,  if  there  ere  23  sam¬ 
ple*.  and  five  blocks,  with  two  blocks  containing  four  samples  and  three  blocks  containing  five  samples. 

2.1.3.  Relation  to  Sveriing,  Marcum,  and  Uelnctock  Cates. 

Sterling  and  Marcum  cases  are  special  case*  of  strict-sensa  chi-square  cases: 


Model 

Value  of  k 

Value  of  K 

Non- fluctuating 

i* 

m 

Sveriing  l 

l 

i 

Sterling  II 

1 

N 

SverJir.2  III 

2 

2 

Swerling  IV 

2 

2K 

In  addition,  We instock  (Ref.  7)  investigated  RCS  fluctuation  models  for  a  claae  of  objects  consist¬ 
ing  of  tong  cylinders  end  cylinders  with  fins  with  the  objective  of  seeing  whether  their  fluctuation  ata- 
ttatica  could  be  approximated  by  chi-square  statistic*.  When  the  kCS  patterns  of  such  objects  era  viewed 
at  randomly  selected  aspects,  he  found  that  the  best-fitting  chi-square  distributions  have  vrluts  of  k 
letB  titan  unity,  *;>oelflceliy,  k  could  tall  in  the  range  1/3  5  k  5  1.***  Thus,  cases  in  which  the  indivi¬ 
dual  ssmp'es  ere  chi-square  with  k  <  l  will  be  celled  Weinstock  models. 


1'rovlded  the  Individual  samples  are  chl-squar*  distributed. 

**The  precise  accuracies  achieved  have  not  been  systematically  explored  for  all  conceivable  correla¬ 
tions  of  This  would  form  an  Interesting  Master's  Thesis.  A  possible  approach  Is  to  calculate  the 
second  or  higher  terras  in  the  Lnguerre  series. 

It  is  also  true  that  Wa Instock  found  that  even  the  best-fitting  chi-square  distributions  did  not 
give  s  very  good  tit;  this  and  the  discussion  of  Section  2.4  suggests  that  perhaps  a  better  fit  could  have 
been  obtained  with  log-nerraal  distribution-. 
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Thl*  bring*  up  an  Important  point:  tlie  fluctuation  models  of  physical  Interest  are  not  bracketed  by 
the  Overling  and  Marcum  incdel.t,  nor  Is  tho  probability  of  detection  behavior  bracketed  by  that  for  Swarlinq 
and  Marcum  models  (ses  further  discussion.  Section  4.). 

2.2.  The  Rice  Family. 

2.2.1.  Definition. 

A  random  variable  v  will  be  sold  to  have  a  Rice  power  distribution  If  v  has  p.d.f. 

tf(v,s,*o)  =  —  exp[-  x  -  ~"]  Io(Vav/*o/  ,  v  >  0  (14) 

o  o' 

«•  0  ,  v  5  0 


where  Io  •  modified  Bessel  function  of  order  zero  (Ref.  1,  p.  167). 
It  is  also  convenient  to  define  a  parameter  d  by 


In  terms  of  which  the  Rice  power  p.d.f.  Is 


v(v,d,t0)  -  J- 
o 

When  applied  to  Che  distribution  of  Individual 
for  v  In  Eq.  (16). 

2.2.2.  Relation  to  Chi-Square  Family. 


io(4S) 

o  o 

samples  x^  of  SNR.  the  p.d. f . 


(15) 

(16) 

la  given  by  almply  substituting 


the  Rice  Power  distribution  Is  well  approximated  by  the  first  term  In  its  La guerre  aeries  expansion, 
i.e.,  by  the  chi-square  distribution  with  the  same  first  and  second  moments. 


The  first  two  moments  of  the  Rice  Power  distribution  are 


mean  »  v  •  t  (1  +  s)  *  x 
2 

variance  »  tQ  (1  +  2s) 

Thus,  the  value  of  k  for  the  approx lasting  obi-square  distribution  Is 

...♦X 


(17) 

US) 


(19) 


(When  s  -  0,  the  Rice  distribution  is  exactly  the  chi-square  with  k  ■  1.) 

In  this  connection,  we  may  note  that  Scholefield  (Ref.  3>  treated  the  Rice  model  of  RCS  fluctuation, 
doing  two  things: 


(a)  Calculating  detection  probability  of  Rice-fluctuating  targets. 

(b)  Stating  correspondence  between  Rice  sod  chi-square  fluctuations. 

The  first  he  did  correctly  but  the  second  he  did  Incorrectly.  For  example,  he  states  that  Swerllng 
Case  III  (with  k  •  K  »  2)  corresponds  to  s  ■  l.  However,  from  Eq.  (19),  we  see  that  k  ■  2  actually  cor¬ 
responds  to  a  •  2.4,  while  k  •  4/3  corresponds  to  l  »  l.  This  is  confirmed  by  detection  probability  cal¬ 
culation  (see  Section  4.). 


2.3.  The  Log-Norne!  Family. 
2.3.1.  Definition. 


A  log-normelly  distributed  random  variable  Is  cue  whose  logarltha  ha#  a  normal  distribution.  For  a 
random  variable  v,  the  p.d.f. 's  for  the  log-normal  family  are 


w(v,a,c*J  -  - l—  exp{-  -ij  ,  v  >  0 

c  v  v2tt  2a 


(20) 


wncre 


-0  ,  v  5  0 
a  ■*  median  of  v 

o  »  standard  deviation  of  zJA 

'‘Of/ 


★ 

Often  In  the  literature  the  symbol 
is  different,  i.e.,  it  is  a  parameter  of  a 


*0  denotes  average  receiver  noise  power;  our  use  of  this  symbol 
distribution  of  SNR  or  of  RCS. 
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ihtr  D«ir.»ax*;c:  •  is  *so«vtvsei»  in  the  liter,»tjfe  replaced  by  another,  o,  defined  as 

.  “  cxj>(3^72) 


(21) 


l nterpretat ion  ot 


It  la  h»s.t  to  It?  erptet  ,  as  being  defined  by  Eq.  (2l>  and  as  being  simply  an  alternate  forro  of 
stating  *he  pdiareior  He  parasueter  ?  detevnlr.es  the  slope  of  the  straight  line  representing  the  cumu¬ 
lative  log-nornvv l  distribution  on  normal  probability  paper. 


for  an  exac 1 1 v  I  >g-nonrwl  distribution  of  v,  we  nvtv  also  say  that 


;  ■  -  .  ratio  of  moan  to  mod  Ian  of  v  (22) 

s  ■  vv^/v  (wr.ere  v^  »  second  moment  of  v)  (23) 

However,  for  a  rando  .  .artable  v  which  in  approximately  bur  not  exactly  log-norral ,  the  value  of  o 
for  the  best-approximating  log-normal  dlstrl’utlon  does  no£  necessarily  satisfy  either  of  the  relations 
(22)  or  (23)  Ir.  terms  of  the  actual  moments  of  the  original  random  variable  v  or  of  the  date. 

2.3.2.  Distribution  of  a. 

When  the  individual  x^  come  from  t  comusn  log-noravil  distribution  and  are  slofcly  fluctuating,  X  is 
also  log-normal  with  the  same  valus  of  a,  and  median  »  So.. 

In  other  esses,  X  Is  not  exactly  log-normal.  There  1j  some  evidence  that  for  a  moderate  number  of 
samples,  the  distribution  of  X  la  well  approximated  by  a  lag-normal  distribution.  However,  the  moments  of 
the  best-approximating  log-normal  distribution  are  not  the  same  as  the  aerial  moments  of  X,  aad  at  present, 
no  general  method  Is  known  of  determining  the  parameter  <j  (or  o)  for  the  best-approximating  log-normal  dis¬ 
tribution  to  that  of  X. 

2.4.  Physical  Scattering  Mechanisms  Associated  with  the  Three  Families. 

2.4.1.  Motivation. 

It  is  important  for  purposes  of  radar  systems  analysis  to  have  some  understanding  of  physical  scat¬ 
tering  mechanises  which  lead  to  given  RC'  statis-lcs,  not  just  in  the  sense  that  a  specific  target  is  ob¬ 
served  to  nave  given  statistics,  but  An  a  theoretical  sense.  Here,  "theoretical"  is  not  used  in  opposition 
to  "practical";  rather.  It  refers  to  a  case  In  which  give"  RCS  statistics  can  be  ma theme tica 11 y  derived 
from  a  scattering  model,  in  the  sense  that  Rayleigh  amplitude  statistics  (i.e.,  rhi-squaic  with  h  •»  1  power 
*tacJ  les)  are  mathematically  derivable  from  a  many-scattarer  mechanise.  Of  course,  the  majority  cf  real 
targets  are  only  approximations  to  the  Ideal  scattering  mechanisms  which  theoretically  give  rise  to  giver, 
distributions;  nevertheless,  it  is  necessary  to  understand  what  ideal  mechanisms  may  produce  given 
statist l-« 


The  requirement  for  such  understanding  arises  from  those  cases  (which  are  more  common  than  any 
others)  in  which  measurement  data  arc  .-ragxencary  or  have  significant  gape  and  In  which  no  exact  physical 
description  of  the  target  or  target  population  is  available.  In  such  cases,  we  may  wish  to  (a)  extrap  ste 
statistical  models  to  parameter  regions  where  ne-.sii'em  -t  data  are  lacking,  or  (b)  hypothesise  a  varlet. 
of  possible  statistical  target  models. 

The  second  point  Is  particularly  important,  t’nen  data  and  detailed  physical  descriptions  are  lack¬ 
ing,  the  standard  method  of  approach  is  to  postulate  a  variety  of  statistical  models  which  are  thought  tc 
brack. t  the  behavior  of  the  target  popui  .'ion  of  Interest,  and  then  perform  radar  performance  analyses  for 
a  variety  of  such  models,  noting  the  performance  sensitivity  tc  the  assuaied  model,  attempting  to  choose 
design  configurations  whose  performance  is  relatively  Insensitive  to  the  statistical  model  etc. 

However,  it  is  essential  that  the  postulated  models  be:  (a)  self-consistent,  (b)  consistent  with 
possible  physical  scattering  mechanisms,  and  (c)  consistent  with  -inch  'vssurtment  data  as  has  been 
observed.  It  Is  very  difficult  to  postulate  consistent  models  of  this  type  without  some  understanding  of 
Idea!  scattering  taechanlsns  which  can  produce  given  RCS  statistics. 

Sections,  giver  a  mo.-e  detailed  discussion  of  this,  with  several  specific  examples:  postulation  of 
models  for  fluctuation  behavior  of  a  target  with  respect  to  f.cquency  diversity,  ani  postulation  of  models 
for  detection  analysts  of  ’ argets  which  ar-  extended  in  rang*:  compared  to  s  range  resolution  cell. 

Each  of  tl.  ,e  examples  is  'iiso>j3scd  with  respect  to  a>dcls  calling  for  Rayleigh  RCS  st*..',<'tlcs, 
i.lce  RCS  statistics,  and  log-normal  RCS  statistics.  Tnese  examples  illustrate  why  a  lack  of  understanding 
of  theoretical  scattering  techar.ls-.as ,  vrhtcl  can  give  rise  to  given  statistics,  can  be  a  stumbling  block  in 
postulation  of  consistent  models. 

2.4.2.  Physical  Models  ior  Rice  and  Chi-Square  Dlst; tbutlons. 

't  Is  of  course  well  kn.vn  that  the  Rayleigh  amplitude  distribution,  i.e,,  the  exponential  power 
distribution  (chi-square  with  k«I  or  Riccwith  s. *■  O'  arises  from  c  aany-scatterer  mechanism,  which  is  de¬ 
fined  to  .e  a  mechanism  with  a  very  large  number  of  scatterers,  no  one  of  which  ever  contributes  wre  than 
a  small  fraction  of  the  returned  povc- ,  and  which  have  random  relative  phases. 

A  Rice  distribution  of  radar  cioss  section  with  parameter*  i0  and  s  arises  frc-c  a  seweterer  with  a 
many-scatterer  component  whose  average  RCS  Is  iQ,  plus  a  single  non-fluctuating  ecacterer  having  RCS  equal 
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to  J$„.  The  reiatlve  phases  of  all  scatterers  art  assumed  random.  Tims,  s  represents  the  ratio  of  RCS  of 
the  single  scatterer  to  that  of  the  Rayleigh  component.  This  Is  often  culled  a  "single  predominant 
scattercr"  model,  altnough  we  do  not  require  that  s  be  greater  than  unity.  Tosslbly  "single  significant 

a**o-I*  h o  a  kn^hAt*  rum(*u>1nou 


The  chl-rsquara  distributions  have  been  observed  empirically  to  give  a  good  fit  to  the  RCS  distribu¬ 
tions  of  crany  types  of  targets.  Houever,  except  forkni,  there  Is  no  theoretics'  scattering  mechanism 
which  exactly  gives  rise  to  chi-square  distributions.*  previously  noted,  however,  that  the  chi-square 
distributions  for  k  >  1  are  good  approx lam tons  to  Rice  distributions;  thus,  the  chi-square  distributions 
can  he  theoretically  explained  by  a  single-predominant  plus  Rayleigh  model.  The  chief  reasons  for  consi¬ 
deration  of  the  chi-square  family  are  that:  (a)  probability  of  detection  curves  are  available  and  easily 

calculated  for  the  complete  chi-square  family  (both  strict  sense  and  wide  sense),  and  (b)  some  chi-square 
cases  of  interest  have  empirically  been  found  to  correspond  to  k  <  1  (Ref.  7)  which  does  not  correspond  to 
any  Pice  distribution. 

2.4.3.  Physical  hoJels  for  Log-Normal  Distributions. 

A  log-normal  distribution  theoretically  arises  from  c  product  of  statistically  Independent  random 
variables  in  the  llmlc  as  the  number  of  factors  Increases.  The  difficulty  In  explaining  log-normal  ampli¬ 
tude  statistics  of  radar  targets  on  this  basis  lies  In  the  difficulty  ol  identifying  a  product  of  indepen¬ 
dent  or  approximately  independent  random  variables  with  radar  targets.  Progress  along  these  lines  has 

been  made  recently.  The  results  to  be  stated  arc  due  to  Drs.  R.  L.  Mitchell  and  G.  E.  Pollon. 

A  first  step  In  the  direction  of  understanding  the  scattering  mechanism  underlying  approximately 
log-normal  amplitude  statistics  is  the  observation  that  the  amplitude  distribution  of  the  gain  patterns  of 
directive  antennas,  viewed  at  randomly  chosen  aspects,  tends  to  be  approximately  log-normal.  This  has  been 
noticed  by  deriving  empirical  distribution  functions  for  such  gain  patterns.  This  also  suggests  that  the 
radar  cross  section  patterns  of  highly  directive  scatterers  such  as  flat  plates  viewed  at  random  aspects 
nay  give  rise  to  log-normal  RCS  statistics,  approximately  (Ref.  10).  This,  however  la  still  an  empirical 
observation  rather  than  a  theoretical  explanation. 

Dr.  Gerald  Pollon  has  recently  developed  (Ref.  11)  an  approach  to  th.  formulation  of  a  theoretical 
explanation  of  why  sufficiently  directive  scetterera  gl«e  rise  to  approximate  log-normal  statistics.  Tnls 
approach  succeeds  in  identifying  the  RCS  of  directive  scatterers  with  a  product  of  approximately  indepen¬ 
dent  random  variables.  Thus,  this  approach  results  in  a  theoretical  model  to  explain  why  directive  Scec- 
tcrers  give  rise  to  such  statistics.  This  method  also  has  promise  of  being  able  to  yield  quantitative, 
albeit  approximate,  values  for  the  parameters  of  such  distributions. 

A  great  tleai  of  further  verk  remains  to  be  done  relative  to  physical  scattering  mechanisms  underly¬ 
ing  trrgets  whose  RCS  statistics  are  observed  to  be  log-normal.  Some  additional  avenues  of  investigation 
would  include: 

(a)  RCS  statistics  tor  the  phesor  sue  of  several  directive  scatterers. 

(b)  RCS  statistics  for  the  phasor  sun  of  a  directive  scatterer  and  a  Rayleigh  mechanism. 

It  may  also  be  noted  that  actual  scattering  patterns  have  a  finite  peak  value  and  hence  tho  RCS  sta¬ 
tistical  distribution  cannot  be  exactly  log-normal.  Possibly  truncated  log-normal  statistics  will  give  a 
better  'it  to  some  observed  distributions. 

3.  DETECTION  AND  ACQUISITION  PPOBABII.ITY. 

3.1.  General  Exact  Formulas. 

Recalling  Section  1.,  let  V  be  the  final  Integrated  signal -plus-noise  variable  which  is  subjected 
to  a  threshold  test  for  detection  on  any  one  scan. 


let 


and 


P(vjxj , .  ...Xj.)  »  probability  density  function  of  V 
conditional  on  a  specific  set  cf 
SNR’s  Xj . Xj, 


C(t  |xj , ...  ,Xj.)  -J  P(v|xl,...,>c.j>e' 


(24) 


(25) 


■  characteristic  function  of  V  conditional 
on  &  specific  set  of  SNR’s  x)(...,*^. 

Finally,  let  p(x^,...,x„)  denote  the  joint  p.d.f.  af 

Then,  the  unconditional  p.d.f.  P(V)  and  Its  characteristic  function  (i.c.,  Laplace  transform)  C(t) 
are  given  by 


» 

Mathematically,  a  chl-scuare  distribution  with  2k  degrees  of  freedom,  2k  an  integer,  results  from 
the  sum  of  squares  cf  2k  inn-pendent  variates  drawn  from  a  comm  n  Gaussian  distribution.  For  k  i*  1,  one 
cannot  exactly  identify  a  physical  scattering  mechanism  with  such  a  nun  cf  square,/. 

Irk 

Far  positive  random  variables,  the  characteristic  function  can.  If  we  wish,  be  defined  with  £  real, 
i.e.,  as  the  Laplace  transforr  of  P. 
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P(V)  *  1*{v|sj,...,Xjj)  p(x1,..*,x}J)  dx,  ...  dx^. 


C(t)  -  J  P(V)  «  dV  (27) 

O 

-  I’c('|x1 . x^J  p(xl,...,xn)  dxt  ...  dXjj 

It  It  well  known  (assuming  uniform  weights  In  the  video  integrator,  i.e.,  or^  *  constant  in  Figure  7-1) 
that  C(tjxj . Xj.)  Is  (Refs.  1  and  21 

C(t|x1 . xH)  -  C(t<X)  -  (l+t)*N  exp  [|~]  (28) 

v.-here 

S 

X  -  t  (29) 


P(V|xj .....x^)  ■  ?(v|x)  »  C0  e"V'X  ,  V>0  (30) 

These  are  the  exact  formulas  whereby  the  p.d.f.  of  V  can  be  determined  for  arbitrary  joint  distri¬ 
bution*  of  x^,.,.,^.  By  combining  Eqs.  (28)  and  (27),  another  convenient  form  for  C(c)  can  be  stated; 

C(t>  -  (l+t)*N  «(—•)  (3i) 

where  o(t)  it  the  characteristic  function  of  X: 

CD 

o(t)  -  J*  e*tX  p(X)  dX  (3?) 

o 

p(X)  •  p.d.f.  of  X.  From  Eq.  (32)  the  first  n  moments  of  V  c(m  easily  be  determined  in  terms  of  the  first 
n  momenta  of  X. 

3.2.  The  Representation  Problem. 

One  of  the  problems  In  using  the  above-stated  formulas  is  in  representing  the  Joint  p.d.f.  of 
for  general  partially  correlated  cases. 

For  fast,  alow,  or  block-correlated  cases,  the  representation  is  simple:  it  Is  merely  the  product 
of  the  p.d.f. *»  of  the  independent  samples,  regardless  of  what  form  these  p.d.f. '»  have. 

For  more  general  types  of  partial  correlations,  we  ca«  still  give  the  representations  for  any  cm  es 
in  which  the  tackles  can  be  expressed  as  functions  of  Gaussian  random  variables.  These  include  the  chi- 
square,  Rice,  and  log-no real  families  defined  in  Section  2. 

The  general  method  is: 

(a)  Express  x^,...,^  in  terms  of  a  set  of  Gaussian  random  variables  which  may  be  denoted  by  a 
vector  a. 

(b)  Express  the  Integrals  in  Eqa.  (26)  -  (27)  as  integrals  with  respect  to  a  Joint  Gaussian  density 
function  p(u),  i.e.,  replace  p(x^,...,xN)  rfXj  ..  .  dXj,  by  p(u)  du  and  replace  x^,...,Xg  by  the  appropriate 
functions  of  the  components  of  u; 

■  ne  general  joint  Gaucsiait  distribution  for  u  is 

p(u)  -  (2n)'n/*2  A1^2  ex?  1-  j  t  S.  ,(u  -  u,)(u  -  “.A  (33) 

l.J-l  1  1  3  3 

whe_e 

”  inverse  covariance  matrix  of  u^ 

&  »  determinant  of  (?^) 

Here  v  is  in  general  larger  than  K. 

The  application  to  chi-square.  Rice,  and  log-normal  families  is  es  follows. 

3.2.1.  Chi-Square  (2k  «  integer'. 

If  the  individual  are  drawn  from  a  common  chi-square  distribution,  then  wt  can  write 


*i  *  Uu  • 
1  j-1  13 


i  »  1.....N 


where  u^  are  Causslen.  zero-moan  uni  have  correlation  properties  expressed  by 
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E(uu  Vr> 


Ui‘J’ 

"’tjij 


and  J  i*  J‘ 


for  all  i.J.J' 


(35) 

(36) 

(37) 


Conditions  (36)  and  (37)  are  required  If  are  to  !>e  exactly  chi-square  distributed.  If  these  conditions 
are  onltted,  x,  will  atlll  be  approximately  chi-square,  in  general  with  2k  non-lntegrel.  Otherwise, 
^Ijl'l'  an  arbitrary  cori’elutlon  matrix  wir.h  1  »  1,...,N,  j  »  l,...,2k,  and  similarly  for  i'  and  j'. 
Thus,  u  has  components  u^  and  n  »  2kN  In  £q.  (33). 

Reference  3  has  applied  these  representations  to  determine  C(t)  even  when  the  video  Integrator 
weights  (a^  In  Figure  7-1)  are  ftot  constant. 

3.2.2.  Rice. 


If  x^  arc  Rice-distributed,  then  they  can  be  represented 

xi  “  r  [<“11  +d)2  +u«l 

vher-s  u^j  and  u ^  are  tero-mean  Gaussian  and 

E  [U1J  "i’J’l  “  ^ijl'j* 

where  1,1*  »  1,...,H  and  J  and  J‘  take  on  only  the  values  1  and  2.  T],,.,.,  a  correlation  matrix 

satisfying  3  1 

Iti31,J'  “  0  if  1  "  1‘  aai  J  *  J*  <40> 

^llil  "  W  *  511  1  (41> 

Then,  u  has  2tJ  components,  u^j,  u.^,  1  “  l,...,N. 

3.2.3.  Log-Normal. 

For  partially  correlated  log-normal  samples  Xj.-.-.x^,  It  la  not  necessary  to  replace  p(x. .....x^) 

by  p(«);  the  Joint  p.d.f,  of  x^,...,^  can  be  expressed  directly  as 

P(x  ,...,x^  -  (7rt)  ’  tl/2  T7  (~ )  («) 

1  "  1*1  *1 

exp  {•  1 1  J.j  5iJ  tn(^)  inG*)l 

where  5jj  is  «a  arbitrary  Inverse  covariance  matrix  and  are  arbitrary  positive  constants. 

As  a  technical  point.  It  may  be  noted  that  the  above  methods  do  not  generate  all  possible  Joint 
p.d.f. 'a  of  variables  which  individually  have  chi-square,  Rice,  or  log-normal  distributions,  because  it  la 
possible  for  random  variables  to  be  individually  Gaussian  but  not  jointly  Gaussian,  l.e.,  ptu)  given  by 
Eq.  (33)  ia  the  mat  general  joint  Gaussian  p.d.f.  but  does  not  represent  all  possible  Joint  p.d.f. 'a  of 
variables  \«hlch  are  individually  Gaussian. 

3.3.  Power  Fluctuation  Correlation. 

Often  the  observed  data  consist  of  aaplltude-only  or  power-only  observations  ana  not  observations  of 
phase  and  amplitude  (or  of  sine  and  cosine  components).  In  such  cases,  it  may  be  possible  to  derive  only 
power  correlation  functions  directly  from  the  datu,  so  it  lo  useful  to  state  relations  between  the  power 
fluctuation  correlation  and  the  correlation  of  Che  Gaussian  vsriables  by  which  Rice,  chl-squarc,  or  log¬ 
normal  variables  may  be  represented. 

3.3.1.  Rice  end  Chi-Square. 

The  general  method  of  relating  the  power-correlation  functions  for  Rice  and  chi-square  variables  to 
the  correlations  for  the  components  of  u  In  Eq.  (33)  la  as  follows:  simply  express  the  Rice  or  chl-aquare 
variables  as  in  Eqs.  (38)  or  (34)  and  then  apply  the  vell-kxown  formulas  relating  fourth-order  moments  of 
Gauaalan  distributions  to  second-order  moments.  The  relation  of  power  correlation  to  the  correlation  pro¬ 
perties  of  u  is  of  course  not  one-to-one:  many  different  correlation,  matrices  of  u  can  give  rise  to  the 
same  power  correlation  properties. 

The  following  examples  arc  uot  for  the  most  general  cases  given  in  Section  3.2.,  but  they  Illustrate 
the  method. 


(38> 


(39) 
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(a  •  Hie  a  (incimiisiK  Rayleigh  If  i  *  Q)  •  l.»t  u^.  and  u^,  of  Eq.  (38)  have  correlation  properties 

Elu  -  u._)  -  0  all  l.J  (43 

1 1  ja  J 

E(uU  “jl>  ’  E("l2  V  *  *o  W|J 

where  ■?£«  Is  «  correlation  matrix  with  »  l  but  otherwise  arbitrary.  In  Eqs.  (43)  and  (44),  we  have 
changed  the  subscript  notation  somewhat  from  Eqs.  (39)  •  (42):  the  Indices  t  and  j  take  on  the  lues 
l  -  I,..  ,N  and  J  "  l.e.,  I*  Is  replaced  by  ).  Then  the  power  f luctuatior  correlation  is 

^  rs  -  S  o2tj  r  d2  to  Sls  (45 


The  mean  value  of  Is 


»  +7  -  *  (l+s)  .  all  1 

O  £  O 


(b)  Chi -Square  with  k  *  1/2.  Suppose  with 


Ut  uj  “  *o  ®l  J 


where  *  correl '  tlon  matrix  with  •  X. 


E(xlXj)  *  Xj:  Xj  -  2*0  ®y 

U1 

(c)  Log-N'oraal .  Let  x{  »  e  ,  where  are  Jointly  Gaussian,  with 

Uj  ■  at  ,  ell  1 

E(u2)  «  o2  ,  all  l 


E(Vj’  *  *  *IJ 


E(xtXj)  -  x^  x~  •  d2  t°  {expCo*©,^)  -  1}  (52) 

xt  •  0  exp(o2/2>  (53) 

3.4.  Exact  Distribution  of  V  When  X  Is  Chi-Square  Dlatrlbuted. 

Another  useful  exact  formula  is  that  for  the  p.d.f.  of  V  when  X  is  chi-square  distributed.  In  such 
a  cate,  the  chi -square  p.d.f.  given  by  Eq.  (11)  can  be  combined  with  Eqs.  (27)  and  (28)  and  the  resulting 
Integral  evaluated  exactly.  The  Inverse  transform  can  be  determined  from  no.  581.1  of  Ref.  12,  the  result 
being  that  the  probability  density  function  of  V  is 


where  jFj  Is  *  confluent  hypergeoaetrlc  function  (see  Refs.  I  snd  13).  Despite  Its  fortaidsble  appearance, 
Eq.  (54)  can  be  easily  used  for  purposes  of  calculation  since  many  standard  handbook*  (e.g..  Ref.  13)  give 
series  expansions  of  ^F^  (see  Ref.  14  for  the  esse  K  ■  1/2). 

3.S.  General  Principles  Leading  to  Simple  Interpolation  Formulas. 

From  the  basic  results  expressed  above.  It  Is  pot* ible  to  state  some  general  principles  which  lead 
to  methods  for  calculating  results  In  many  specific  casts  which  are  exact,  or  are  good  to  a  very  accurate 
approximation,  but  are  much  simpler  titan  the  evaluation  of  the  integrals  appearing  in  Eqs.  (26)  or  (27). 

These  principles  are  predicated  on  the  assumption  or,  •  constant  in  F.gure  7-1. 

3.5.1.  First  General  Principle. 

For  any  type  of  fluctuation,  the  detection  probability  results  are  exactly  the  use  as  for  a  » Jowly 
fluctuating  target  In  which  the  Individual  samples  have  the  some  probability  distribution  as  that  of  X/3. 

3.5.2.  Secord  Principle— Method  of  Obtaining  Results  for  Block  Correlations  from  Results  for  Rapid 
Fluctuations. 


The  next  principle,  derivable  from  the  first,  applies  to  any  A  fluctuations  end  enables  one  to 
determine  detection  probability  for  block-correlated  fluctuations  if  ;he  niults  are  known  for  rapid 
fluctuations. 
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For  any  dl'trlbudon  of  the  individual  samples  xj,  and  for  any  given  detection  probability  P^,  false 
alarm  number  n,  number  of  Integrated  samples  N,  and  number  of  Independent  groups  of  samples  F,  let 


x(N,K)  ■  average  per-sumple  Stik  required  to 
achieve  ?D 

L1W(K.F)  ■  Incoherent  Integration  loss  for  S  Inte¬ 
grated  samples,  for  a  slowly  fluctuating 
target  whose  fluctuation  distribution  ia 
the  distribution  of  the  average  of  F  In¬ 
dependent  samples  of  the  original  distri¬ 
bution  of  Xj. 


i  :t  Is,  Ljjj.p(N,F)  Is  the  Incoherent  integration  loss  for  Integration  of  N  samples  when  the  target  fluctu¬ 
ation  model  Is  fixed  and  corresponds  to  X  having  the  same  distribution  as  the  turn  of  F  Independent  samnleo 
from  the  original  distribution  (except  for  the  scale  factor  N/F). 


Both  x  and  also  depend  on  Pj.  and  n,  but  this  dependence  has  been  omitted  for  notatlonal 

convenience. 


Then,  expressing  all  terms  In  db,  we  have  exactly 


x(N,F>  »  x(F,F)  -  |  <db>  +  Likt(N,F)  -  Likt(F,F)  (55) 

In  Eq.  (55),  N/F  (db)  means  10  logj^N/F).  The  Integers  F  and  N  satisfy  the  relation  !  ?  F  5  K. 

Kov,  x(F,F)  Is  the  required  per-saople  SHS  for  a  rapidly  fluctuating  target  with  F  integrated  pulses. 
The  quantities  Ljjjj  can  be  determined  exactly  from  the  results  for  a  slowly  fluctuating  target  of  the  type 
indicated  in  the  definition  of 

For  all  the  families  considered  In  Section  2.,  it  has  been  found  that,  to  high  accuracy  (order  of 

.5  db  or  better),  the  integration  loss  L™.  ia  approximately  equal  to  that  for  non-fluctuating  targets 

(Ref.  1,  p.  225). 

Thus,  to  a  good  approximation, 

?(N,F)  -  x(F,F>  -  |  (db)  +  LISX(K)  -  Lirt(F)  (55a) 

where  L1Sj(K)  is  the  non.-fluctuating  integration  loss  for  integration  of  N  sauries,  and  LIKT(F)  is  the 
non-fluctuating  integration  loss  for  integration  of  F  samples. 

When  spplying  this  to  completely  different  types  of  fluctuations  than  those  which  have  been  con¬ 
sidered  one  would  have  to  re-check  the  replacement  of  L^-j-  by  that  for  non-fluctuating  targets. 

However,  it  should  also  be  noted  that  the  accuracy  of  the  results  based  on  Eq.  (55a)  is  increased 

since  tjjjT  enters  only  as  the  difference  between  tTS-  at  two  values  of  K,  and  this  is  even  more  accurately 

represented  by  the  corresponding  difference  for  non-lluctuating  targets.  In  most  cases  that  have  been 
checked,  the  error  thus  introduced  is  actually  of  the  order  one-  to  two-tenths  of  a  ob. 

3.5.3.  An  Interpolation  Formula  for  Chi-Square  Distributed  Fluctuations. 

Another  formula  derivable  from  the  first  principle  stated  above,  which  is  of  great  use  in  deriving 
results  for  the  cht-aquare  family,  can  be  stated  as  follows:  for  any  given  detection  probability  P_  arid 
false  alarm  number  n,  let 

x(N,K)  »  average  per-pulse  SNR  required  when  the  fluctuation  distribution 
of  X  ia  chi-square  with  parameter  K 

tjjj^N.K)  *  Incoherent  integration  los3  for  integration  of  N  samples,  when 
the  dlstr ■'■autlon  of  X  is  chi-square  with  parameter  K 

(r  and  also  depend  on  PQ  and  n.) 

Then,  for  any  two  values  of  8,  say  N  and  N*  (either  of  which  may  be  the  larger) 


?(N’,K)  -  x(N,K)  -  jp  (db)  +  L.^N'.K)  -  (56) 

where  all  quantities  are  expressed  in  db.  Equation  (56)  is  exact. 

For  the  chi-square  family,  it  can  be  verified  that  the  difference  of  Integration  losses  is  equal  to 
that  for  a  non-fluctuating  target  within  one-  to  two-tenths  of  s  db,  so  that  we  can  write  to  a  high  degree 
of  approx ioatloa 

x(N\K)  -  x(S,K)  -  ;p  (db)  +  Ln,T(N'>  -  Lnn.(N) 
where  ■  incoherent  integration  loss  for  non-fluctuating  targets. 


(56a) 
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4.  SPECIFIC  DETECTION  PROBABILITY  RESULTS, 

4.1.  Detection  Probability  for  the  Chi-Square  Fatally. 

4.1.1.  Statement  of  Results. 

Figure*  2,  3,  and  a  present  probability  of  detection  result*  for  cases  when  X  l*  chi-squire  distri¬ 
buted  with  1/2  *  K  ?  •,  N  •  1,  10,  1GJ,  and  n  »  10^°.  The  results  can  easily  be  extended  to  other  values 
of  N  and  n  (see  below).  The  right-hand  vertical  scale  la  K;  the  horizontal  scale  is  average  per-pulte 
SNR  x  *  X/N  In  db. 

These  results  can  alsc  be  utilizes  whenever  X  has  a  distribution  which  can  be  well-approximated  by 
a  chi-square  distribution.  For  exataple, 

(a)  When  the  individual  samples  xt  are  chl-aquare  distributed,  for  any  type  of  correlation,  X  is 
approximately  chi-square  with  K  given  by  Eqs.  (ID),  (7),  and  (8). 

(b)  When  Che  individual  x,  have  Rice  distributions,  X  will  also  be  approximately  chi-square  distri¬ 
buted  with  K  given  by  Eqs.  (13),  (7),  and  (8).  The  oea.is  and  variances  of  xt  are  given  by  Eqs.  (17)  and 
(13).  An  equivalent  result  Is  obtained  by  approximating  the  x^  distributions  by  chi-square  distributions 
with  k  given  by  £q.  (10),  and  henceforth  treating  them  as  chi-square  distribution#. 

(el  Section  2.1.2.  states  ecses  in  which  X  la  exactly  chl-squire  distributed. 

4.1.2.  Method  of  Obtaining  Results  and  Estimated  Accuracy. 

The  results  stated  !n  Figures  7-2  to  7-4  for  1?  K5“  ware  obtained  very  easily  from  previously  published 
result*  for  the  non-fluctuating  and  Swerling  eases  (Ref.  1),  aided  by  the  interpolation  formila  Eq.  (56a). 
Also  refer  to  Section  2.1.2.  and  Section  2.1.3.  The  points  for  K  «  1/2  are  the  only  ones  for  which  new 
computations  were  required. 

(a)  For  K  •  Is 


The  point  K  "  1  is  Swerling  Case  1 

The  point  K  •  7  is  Swerling  Case  III 

The  point  K  •  1000  is  wit.ilft  .1  db  of  non-fluctuating 


The  points  K  <*  10  and  K  •  20  were  obtained  by  first  determining  x(10,10)  and  x(10,20)  from  the  published 
results  for  Swerling  Cases  11  and  IV  for  V  “  10,  and  then  utilising  Eq.  '56a)  with  N’  «  1. 


(b)  For  S  -  10: 


K  - 

K  «• 

h  - 
K  • 
K  * 


1  is  Swerling  Case  1 

2  is  Swerling  Case  III 

10  is  Swerling  Case  II 

20  is  Swerling  Case  IV 

1099  is  within  .1  db  of  non-fluctuating 


The  paints  K  »  100  and  K  •  200  were  obtained  by  detent '.ning  x(l00,l09)  and  x(100,200)  from  published 
results  for  Swerling  Cases  II  and  IV,  N  *  190,  snd  then  applying  Eq.  (56a)  with  S*  *  10. 


(c)  For  N  «  100: 


K  *  l  Is  Swerling  Case  I 

K  »  2  Is  Swerling  Cate  III 

K  •  100  i  overling  Case  II 

K  “  200  is  Swerling  Case  IV 

K  •  1000  is  written  .1  db  of  ■jn-rluctuatlng 

The  point*  K  «  10  and  K  •  70  were  obtained  by  determining  x(l0,10)  and  x(I0,20)  from  Swerving  Cases  TI  and 
IV,  X  •  10,  and  then  applying  Eq.  (3Ga)  with  N'  •  100. 


In  all  cases,  the  point  K  ■  1/2  was  determined  by  applying  the  exact  formula  Eq.  (54;  (sea  3ef.  14). 


The  results  presented  are  eat  toe  ted  to  be  accurate  to  within  .2  to  .3  db.  The  error  budget  can  .--e 
estimated  as  follows: 


(a)  The  points  for  E  »  1/2  were  calculated  from  the  exact  formula,  Eq.  (54);  however,  a  serlew 
approximation  for  jF^  waa  used,  which  could  introduce  errors  of  .2  to  .3  db. 

(h)  The  point*  v'.lch  are  taken  directly  from  published  results  for  th*  Swerling  and  non-fluctuating 
cates  have  whatever  accuracy  those  results  have ,  taking  into  recount  alsc  errors  In  plotting  and  reading 
the  curves  In  Ref.  1. 

(c)  For  those  point*  where  Eg.  (36a)  was  used,  the  error  Introduced  by  using  L__  for  non-fluctua¬ 
ting  targets  is  estimated  to  bo  .1  to  .2  db  at  cost.  : 


4.1.3.  Rxcanslon  to  Other  N  end  n 


lo  extend  to  other  H,  uwe  £q.  (36a). 

To  extend  to  other  values  of  n,  flic  false  alarn  member,  the  game  procedure  as  stated  above  can  easily 
be  used  to  determine  results  for  ft  •  10H,  10°,  10°  or  any  other  value  for  which  published  results  exist  for 
Swerllng  Cases  I-IV  and  non-fluctuating. 

Actually,  for  the  higher  values  of  K  (e.g.,  K  5  4),  the  correction  to  different  n  la  almost  exactly 
the  same  as  for  non-fluctuating  targets.  For  1/2  5  K  5  1,  the  correction  Is  nearly  that  for  K  •  1 
(Swerllng  I).  For  2  5  K  5  4,  the  correction  Is  nearly  the  same  as  for  Swerllng  III. 

In  fact,  for  ail  values  of  K,  and  for  Fq  5  .10,  a  correction  accurate  to  within  loss  than  .5  db  can 
be  obtained  by  subtracting  1.0  db  from  the  given  values  of  «  (n  •  10*®)  to  obtain  results  for  n  •  10®,  and 
subtracting  2,5  db  from  x  (n  «  10*®)  to  obtain  results  from  n  ■  10*. 

4.1.4.  Interpreting  Results  for  Cases  In  Which  Frequency  Diversity  Is  Employed. 

Figures  7-2  to  7-4  are  a  convenient  representation  for  plcti  -lng  the  geins  due  to  frequency  diversity. 
For  example,  suppose  that  without  frequency  diversity,  X  would  be  slowly  fluctuating  chi-square  with  para¬ 
meter  K.  If  F  different  frequencies  were  used,  separated  by  sufficient  increments,  there  would  be  F  inde¬ 
pendent  target  samples  so  that  according  to  the  rules  given  In  Section  2.,  X  would  then  be  chi-square  with 
parameter  KF.  A  glance  at  Figures  7-2  to  7-4  lnmedlately  tells  how  much  In  detection  sensitivity  is  gained 
fer  any  given  detection  probability. 

4.1.5.  Detection  Probability  for  the  Rice  Family. 

Good  approximations  to  detection  probability  for  the  Rice  family  can  be  obtained  most  simply  by  ap¬ 
proximating  the  Rice  distributions  of  the  individual  samples  by  the  appropriate  chl.-square  distributions 
having  the  same  means  and  seconds  moments. 

An  Illustration  of  the  results  is  shorn  In  Figure  7-5,  where  the  right-hand  vertical  scale  is  detec¬ 
tion  probability.  The  solid  curve  Is  the  exact  detection  probability  for  a  Rlce-dlstrlbuted  target  with 
s  •  1,1. a.,  with  equal  power  in  the  predominant  scatterer  and  the  Rayleigh  component,  end  for  N  «  10, 

N  ”  10  ,  and  slowly  fluctuating.  From  Eq.  (19),  k  -  4/3  for  the  best-fitting  chi-square  distribution  and 
since  the  target  is  slowly  fluctuating,  k  «  K.  The  circled  points  are  detection  probability  for  a  cbi- 
squsre  fluctuation  with  k  ■  4/3,  K  «  10,  n  “  10®  (taken  from  Figure  7-3,  Section  4.,  corrected  to  n  «  10”). 

4.2.  Detection  Probability  for  the  Log-Normal  Family. 

4.2.1.  Statement  of  Results. 

Heidbreder  and  Mitchell  (Ref.  15)  have  presented  comprehensive  results  for  detection  probability  of 
targets  when  the  Individual  samples  have  log-normal  distributions  and  are  either  slowly  or  rapidly  fluctua¬ 
ting.  Figures  /-6  to  7-8  show  a  replot  of  their  results  for  n  •  10*®  in  the  slowly  fluctuating  care  (l.e.. 

In  the  caae  where  X  la  also  log-normal  with  the  same  value  of  o',  hence  the  same  value  of  p  ■  exp(o2;2),  as 
x).  Thua,  the  curves  are  labelled  "detection  probability  when  X  Is  log-normally  distributed."  The  dotted 
portions  of  the  curves  in  Figure  7-6  Indicate  a  range  of  uncertainty  In  reading  and  replotting  the  results 
from  Ref.  15.  However,  extrapolation  of  the  remaining  portion  of  the  curves,  and  comparison  with  those  of 
Figures  7-7  and  7-8,  makes  It  clear  that  the  solid  curves  are  he  correct  ones. 

Incidentally,  by  comparing  results  for  N  •  1,  10,  and  100  shown  In  Figures  7-6,  7-7,  and  7-8,  we  can 
verify  that  the  Incoherent  integration  loss  is  nearly  the  seme  as  for  non-fluctuating  targets. 

Figure  7-9  is  a  replot  of  the  results  of  Ref.  15  for  the  rapidly  fluctuscing  case,  n  -  10*®,  p  ■  4. 

The  reader  Is  referred  to  Ref.  15  for  other  value3  of  p  in  the  rapidly  fluctuating  esse  and  for 
other  vali  it  of  n. 

These  results  can  readily  be  extended  to  obtain  detr'tlon  probabilities  for  block-correlated  log¬ 
normal  cases  with  the  aid  of  Eq.  (55a). 

Results  are  not  yet  developed  for  generslly  correlated  log-normal  models  (they  c».n  be  obtained  by 
means  of  Eqs.  (26)  and  (42)). 

4.3.  A  Further  Word  on  Approximation. 

Two  examples  have  been  given  where  good  approximate  results  can  be  obtained  by  approximating  a  fluc¬ 
tuation  distribution  by  the  first  term  In  its  laGuerre  Sirles  expans ior,  l.e.,  by  the  chi-square  distribu¬ 
tion  having  the  same  first  and  second  moments.  These  vers:  approximation  of  wide-tense  by  strlct-secse 
chi-square  caoes,  and  approximation  of  Rice  cases  by  chi-square  cases. 

However,  lc  must  be  emphasised  that  thla  Is  not  a  generally  applicable  approximation  method.  Many 
exaaplea  can  be  given  in  which  such  an  approx  jaation  would  give  extremely  inaccurate  results. 

For  Instance,  It  Is  known  (Refs.  9  and  'A)  that  for  certain  ranges  of  the  parameters,  good  to  fair 
cnl-square  approximations  may  be  found  for  log-no rr-sl  distribution*  an'4  correspondingly,  the  detection  pro¬ 
bability  retultw  approximate  each  other.  Howei er,  the  chi-square  distributions  which  give  the  good  approxi¬ 
mations  are  not  those  having  the  same  first  rod  second  moments  as  the  log-normal  distributions  to  which  the 
approximations  are  balng  made.  An  attempt  to  bate  the  approximation*  on  moment*  would  lead  to  large  errors. 
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l»  addition,  there  a  c  nnnv  cises  in  which  no  good  af proximal  ions  can  be  found  within  the  chi-square 
tasiiv.  Mere  too,  eiu.fU*  ar>  pr  a  IdeJ  by  the  log-norr.ii!  fimiK,  fc  other  ranges  of  the  parameters  (see 

U  _  '  it  1/  »  t 

S.  REt.'.T£D  TOPIC-:. 

1.1.  CFAR  '‘recessing  and  Target  'V'Jcls. 

The  foregoing  rosilts  ant!  techniques  can  be  applied  to  SSR  fluctuation?  regardless  of  their  physical 
source  t  target  RCS  fluctuations  or  other!,  provided  they  are  due  to  fluctuaclt ns  of  the  signal  and  not  of 
the  average  noise  power.  The  reason  is  that  so  long  as  the  SNR  fluctuations  are  due  to  signal  power  fluc¬ 
tuations,  the  relation  between  the  false  alum  rate  and  the  detection  threshold  Is  not  affected;  however, 
if  nean  noise  power  also  fluctuates,  the  defection  threshold  necessary  to  achieve  a  given  false  alarm  pro¬ 
bability  is  affected,  in  fact,  such  a  situation  generally  leads  to  the  use  of  adaptive  thresholds  to 
achlev-  constant  false  alarm  rate  <  FAR)  at  the  least  possible  co3t  in  detection  sensitivity. 

A  large  nualer  of  CFAR  methods  have  been  devised  and  their  performance  evaluated;  unfortunately  the 
bulk  of  work  accompl tshed  Is  still  in  the  form  of  reports  which  have  not  appeared  in  "regular"  Journals. 

Here  our  intention  is  merely  to  cite  some  examples  of  the  effect  of  target  fluctuations  on  CFAR 
detection.  This  effect  depends  on  what  typt  of  CFAR  method  is  being  used.  To  illustrate! 

A  coaison  CFAR  technique,  sometimes  termed  "cell  averaging,"  involves  estimation  of  average  noise 
level  by  averaging  received  power  in  a  s»t  of  i.-solutlon  cells  known  or  assumed  to  contain  noise-only  of 
the  seme  average  power  as  the  noise  In  the  cell  being  examined  for  presence  of  a  target.  Analysis  of  the 
detection  performance  of  such  methods  for  various  fluctuating  target  models  shows  that  the  relative  per- 
fonrance  against  different  kinds  of  fluctuating  (or  non-fluctuating)  targets  Is  roughly  the  same  cs 
where  average  noise  power  is  known  a  priori,  although  the  absolute  performance  for  all  target  models  shows 
a  decreased  sensitivity,  the  magnitude  cf  which  dcpe:*Js  on  the  number  of  Jtnxar  cells  available  for  the  es- 
tlr.it  Ion  of  average  noise  power. 

Another  category  of  CFAR  tests,  which  .eight  be  termed  "single-cell"  teste,  involves  essentially 
teste  for  whether  a  sequence  of  envelope  samples  arises  from  a  Rayleigh  distribution  with  statistical,  in¬ 
dependence  of  samples.  The  effects  of  the  target  fluctuation  model  may  be  quite  different  fer  these  tests 
than  for  the  cell-averaging  teste;  also  the  optimum  design  of  the  tests  themselves  depends  sensitively  on 
the  class  of  target  models  against  which  the  radar  -s  assumed  to  operate.  More  extensive  analysis  may  be 
found  in  Ref,  16. 

5.2.  Effects  of  Frequency  Diversity. 

Iso  of  frequency  diversity  together  with  pulse  integration  to  smooth  out  fluctuations  is  a  technique 
of  great  potential  benefit  in  modern  radar,  both  for  detection  ar«d  tracking.  Thus,  It  becomes  of  Interest 
to  postulate  fluctuation  models  with  respect  to  the  RC?  frequency  signature.  Among  the  Important  questions 
that  may  be  ask's!  for  particular  rxrgct  populations  are: 

(c)  Does  frequency  diversity  always  cause  fluctuations  of  RCS  for  targets  which  fluctuate  with 
respect  to  aspect? 

(b)  When  both  ft.-oueney  and  aspect  fluctuations  occur,  can  it  always  be  consistently  postulated 
that  the  samples  come  frost  the  sane  statistical  distribution  as  when  the  fluctuations  are  due  to  aspect 
changes? 

(c)  tr.  general,  how  r-hould  onu  postulate  models  of  the  p.d.f.  and  correlation  properties  of  target 
fluctuations  with  respect  to  frequency,  given  the  information  tliat  the  fluctuations  with  respect  to  aspect 
have  specified  statistical  models? 

Some  illustrations  will  suffice  to  show  that  the  answers  to  questions  (a)  ,'.nd  (b)  nay  be  negative, 
and  that  the  answer  to  question  (c)  may  not  always  be  obvious. 

An  example  of  a  type  of  target  which  will  fluctuate  with  respect  to  aspect  changes  but  will  be  non- 
flue  tutting  with  respect  to  frequency  changes  is  provided  by  a  prolate  or  oblat?  spheroid  satisfying  the 
condition  that  fer  all  frequencies  under  consideration,  the  radii  of  curvature  are  much  greater  than  the 
wavelength.  The  RCS  of  such  a  t.’.rget  at  any  aspect  is  equal  to  firjrj,  where  rj  and  rj  are  the  radii  of 
curvature  at  the  point  on  the  target  such  that  the  tangent  plane  Is  normal  to  the  line  of  sight  to  the 
radar.  Consequently,  there  will  be  no  fluctuation  with  frequency  (so  long  as  \  «  rj  and  a  «  rj).  On 
the  other  hand,  r  j r?  changes  as  aspect  changes,  so  that  there  will  be  RCS  fluctuations  with  aspect. 

A  converse  example  is  that  of  a  sphere  in  the  resonance  region  (1  **  2tia);  here,  there  will  be  RCS 
fluctuations  with  respect  to  frequency  but  not  with  respect  to  aspect. 

Turning  to  the  major  categories  of  statistical  target  model: 

(a)  Rayleigh  and  Rice.  A  target  which  has  Rayleigh  fluctuations  with  aspect  Is  consistent  with 
a  aany-scatterer  mechanism  which  will  also  fluctuate  with  resoect  to  frequency,  with  the  samples  of  RCS 
also  coming  from  an  exponential  p.d.f.,  in  fact  fro r.  the  same  p.d.f.  as  the  aspect  fluctuations. 

The  correlation  properties,  with  respect  to  frequency  will  of  course  be  calculated  or  modelled  dif¬ 
ferently  than  those  wt *h  respect  to  aspect. 

For  Rice  targets,  assuming  the  predominant  scatterer  Is  non-fluctuating  with  frequency  (a  consistent 
assumption  although  not  a  vwceisartly  true  one),  the  RCS  fluctuations  with  frequency  can  also  be  consis¬ 
tently  postulated  to  be  drawn  from  the  same  Rice  distribution  at  the  fluctuations  with  respect  to  aspect 
(t.e.,  they  will  have  the  same  p.d.f.). 
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lb)  Log-Normal.  If  •  target  is  observed  to  have  log-normal  fluctuation  statistic*  with  respect 
to  aspect  changes,  it  would  not  be  clear  what  statlsticu  could  consistently  be  postulated  for  fluctuations 
with  respect  to  frequency  unless  a  physical  mechanism  for  log-normal  statistics  is  known. 

Although  more  work  renmtns  to  be  done,  the  d.lrect_.e  ecatterer  model  for  log-nerroal  statistics  in¬ 
dicates.  that  it  is  a:  least  consistent  to  postulate  nwdels  tor  which  questions  (a)  and  (b)  stated  above 
can  be  enswered  effirmatlvely .  This  is  because  of  the  duality  between  email  frequency  changes  and  small 
aspect  changes  on  the  sldelobes  of  directive  scar.tercrs.  The  directive  scatter^  model  also  suggests  the 
method  of  postulating  correlation  properties  with  respect  to  frequency. 

'.3.  Models  for  Range -Foe tended  Targets. 

With  increasing  range  resolution  capabilities  of  modern  radars,  it  becomes  of  interest  to  conduct 
detection  analyses  for  targets  whose  electromagnetic  rarge  extent  exceeds  the  range  resolution  cell  width. 
Such  analyses  are  aimed  not  only  at  predicting  ncrformancc  for  specific  designs  but  also  at  questions  such 
cs:  (a)  how  small  should  the  resolution  cell  be  made  to  oprlmtze.  detection  performance,  or  (b'/  how  should 
signals  in  contiguous  range  cells  be  processed  to  optimize  detection  performs ace?  These  questions  become 
especially  pertinent  in  clutter-dominant  situations,  where  decreasing  the  resolution  cell  site  decreases 
the  average  clutter  power. 

In  performing  detection  analyses  in  such  cases  it  becomes  clear  that  a  generalized  type  of  target 
model  is  required.  Specifically,  the  target  model  must  describe  the  statistical  fluctuation  properties  of 
those  portions  of  the  target  in  each  resolution  cell,  and  how  such  fluctuation  properties  change  as  th 
cell  size  is  varied. 

Since  actual  data,  on  which  such  models  can  be  based,  are  rather  scarce,  it  is  of  Interest  to  con¬ 
sider  the  question  of  postulating  such  models  in  suci>  a  way  as  to  be  consistent.  Illustrations  follow. 

(a)  Rayleigh  Targets.  Suppose  it  is  known  or  assumed  that  a  certain  population  of  targets  have 
Rayleigh  fluctuation  statistics  when  the  resolution  cel1,  size  equals  or  exceeds  the  target  electromagnetic 
extent.  In  this  cate,  it  is  simple  to  postulate  consistent  models  for  smaller  resolution  cells.  Rayleigh 
statistics  for  the  target  as  a  whole  are  consistent  with  the  following  models  (for  example): 

(i)  A  model  in  which  the  portion  of  the  target  in  each  resolution  cell  is  also  a 
Rayleigh  target  (l.e.,  a  many-scattarer  mechanism). 

(ii)  A  noc-l  in  which  the  portion  of  the  target  in  some  or  all  cells  are  Rice  or 
chi-aqiare  target*  when  the  ceils  become  small. 

(lii)  A  model  in  which,  for  sufficiently  small  sell  size,  th«  portion  of  the  target 
in  each  cell  Is  non-fluctuating. 

In  any  of  these  cases.  It  would  be  consistent  to  postulate  that  ti.e  rate  of  fluctuation  of  the 
contents  of  each  range  cell  is  leas  than  or  equal  to  the  rate  of  fluctuation  for  larger  cells. 

(b)  Rice  Targets.  If  the  target  as  a  whole  is  known  to  have  Rice  fluctuation  statistics,  consis¬ 
tent  models  could  be  postulated  similar  to  th03e  stated  above,  except  that  at  least  one  cell  would  always 
contain  a  Rice  target.  Moreover,  the  ratio  of  predominant  to  Rayleigh  components  In  that  cell  would 
Increase  with  decreasing  cell  size. 

( c )  Log-Normal  Targets.  Suppose  Iho  whole  target  has  log-normal  RCS  statistics.  The  question  of 
how  to  model  the  target  fluctuation  properties  when  the  resolution  cell  becomes  smaller  than  the  target  Sn 
such  cases  requires  further  Investigation.  Hie  directive  scatterer  model  for  log-normal  statistics  indi¬ 
cates  an  approach,  lit  the  problem  remains  to  be  solved. 
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ABSTRACT 

This  paper  considers  the  problem  of  detecting  and  estimating  the  unknown  angular  location  of  a  target 
that  is  observed  simultaneously  by  a  number  of  antenna  beams.  The  amplitude  of  the  signal  received  by 
a  particular  antenna  is  assumed  to  depend  on  the  angular  location  of  the  vtrget,  but  the  time  of  arrival  of 
the  signal  is  assumed  to  be  the  same  at  all  cf  the  ar.tennas.  The  received  signals  are  assumed  to  be  cor¬ 
rupted  by  a  combination  of  receiver  front-end  noise  and  clutter.  The  co  variance  matrix  of  the  clutter 
signal  appearing  on  the  various  beami  either  may  be  assumed  known  from  previous  measurements  or 
else  assumed  to  be  an  unknown  parameter  that  must  be  estimated  along  with  the  angular  coordinates  of 
the  target.  In  the  latter  case,  multiple  coherent  or  incoherent  observations  of  the  target-clutter  complex 
must  be  available  for  processing  at  the  receiver. 

The  generalized  likelihood  ratio  test  is  used  to  derive  .he  detection  and  parameter  estimation  strategy 
for  the  radar  receiver.  Expressions  for  the  detector  and  the  angle  estimates  are  derived  in  a  number  of 
important  cases  and  used  to  demonstrate  several  interesting  properties  of  the  likelihood  ratio  receivers. 
Finally,  the  case  where  the  baam»  are  conventional  sum  and  difference  beams  is  considered.  An  approxi¬ 
mation  to  4he  likelihood  receiver  is  derived  for  this  case  and  shown  to  have  a  much  more  easily  realizable 
structure  than  the  exact  likelihood  receiver . 

1.  INTRODUCTION. 

Most  previous  theoretical  studies  of  amplitude  comparison  monopulse  systems  Itave  been  based  on  the 
premise  that  the  target  returns  in  the  various  beams  were  corrupted  only  by  thermal  noise  generated  in 
the  receiver's  front- er.d  [lj.  [2],  f3],  [4].  The  usual  mathematical  embodiment  of  this  premise  is  the 
assumption  that  the  s-'gnals  on  the  various  beams  bave  added  to  them  independent  white.  Gaussian  not  sea 
of  equal  power.  Starting  from  this  mathematical  model  it  is  possible  to  derive  the  generalized  likelihood- 
ratio  strategy  for  detecting  the  presence  or  absence  of  a  target  and  for  estimating  its  angular  location  in 
space.  As  indicated  in  the  above  cited  references,  the  usual  hardware  implementations  of  amplitude 
comparison  monopulse  are.  under  certain  assumptions,  reasonable  approximations  to  the  maximum  likeli¬ 
hood  receiver. 

The  purpose  of  the  present  paper  is  to  extend  previously  obtained  results  to  the  case  where  the  target 
returns  are  masked  by  clutter  returns  as  well  as  receiver  noise.  The  basic  assumption  underlying  the 
clutter  model  will  be  that  there  are  a  large  number  of  independent  clutter  scatterers  per  radar  resolution 
cell  so  that  the  clutter  return  approximates  Gaussian  noise.  The  case  where  only  a  few  scatterers  are 
present  in  each  resolution  cell  will  not  be  considered.  The  clutter  noise  power  received  in  each  beam  as 
well  as  the  correlation  coefficients  of  the  clutter  noise  from  beam  to  beam  will  'oe  left  arbitrary.  Stated 
in  mathematical  terms,  the  covariance  matrix  of  the  noise  on  the  various  beams  will  be  left  arbitrary  in 
distinction  to  the  receiver-noise-alone  case  where  the  beam  covariance  matrix  is  assumed  to  be  diagonal 
with  equpl  elements  on  the  main  diagonal. 

Two  important  cases  of  the  monopulse  problem  will  be  considered.  One  where  true  monopuise  operation 
is  desired  and  detection  and  angle  estimation  must  make  use  o f  the  results  of  only  one  transmission  and  the 
other  where  the  coherent  or  incoherent  returns  from  multiple  transmissions  are  available  for  these  purposes 
In  the  former  case,  the  beam  covariance  matrix  must  be  known  (or  otherwise  have  been  estimated)  in 
advance  whereas  the  latter  case  allows  the  additional  possibility  of  estimating  the  unknown  beam  covariance 
matrix  along  with  other  unknown  parameters  such  as  signal  amplitude  and  carrier  phase.  3ota  cases  will 
be  considered  in  detail. 

The  analysis  of  the  problems  sketched  above  unfortunately  cannot  always  be  carried  out  as  explicitly 
as  in  the  case  where  receiver  noise  alone  corrupts  the  target  returns.  The  finai  results  usually  are  in  the 
form  of  computational  algorithms  which  may  or  may  not  be  practically  realizable  depending  on  the  partic¬ 
ular  parameters  of  the  specific  problem  at  hand.  Nevertheless,  the  performance  of  these  algorithms  can 
be  evaluated  by  means  of  computer  simulations  and  used  rs  benchmarks  against  which  to  compare  more 
easily  realizable  systems  in  order  to  determine  to  what  extent  the  theoretically  possible  performance  is 
being  achieved.  Work  to  accomplish  this  end  is  already  in  progress  but.  unfortunately,  definitive  results 
are  not  available  at  this  time. 

An  important  reference  .or  the  general  problem  at  hand  is  Mosca  and  Minguzzi,  [5j.  These  authors 
attack  the  problem  of  maximum  likelihood  angle  estimation  in  the  presence  of  receiver  noise  and  clutter. 
Their  analysis  differs  from  the  one  presented  in  this  paper  in  that  they  assume  a  less  general  form  for 
the  beam  covariance  matrix,  they  consider  only  coherent  observations  and  they  assume  that  the  time 
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.nterval  between  observations  is  short  enough  so  that  the  clutter  is  completely  correlated  from  •'user'  aticn 
tc  observation.  The  present  paper  assumes  that  the  clutter  is  independent  from  observation  to  observation, 
a  situation  that  can  be  achieved  either  by  using  a  sufficiently  low  PRF  or  by  jumping  the  carrier  frequency 
from  transmission  to  transmission.  The  assumptia.,  of  independent  clutter  returns  also  allows  consideration 
cf  the  cast  where  the  beam  covariance  matrix  is  unknown  and  must  be  estimated  along  with  the  other  unknown 
parameters.  Mosca  and  Minguzsi  do  not  consider  th'S  case. 

2.  MATHEMATICAL  FORMULATION  OF  THE  PROBLEM 

th 

The  complex  envelops  of  the  signal  received  by  the  i  antenna  beam  when  the  signal  s(t)  is  transmitted 
will  be  taken  tc  be  of  the  form 

rj(t)  =  Ae^Gi(0.!plsU)  +  nt(t).  i=l . m  (1) 

where  A  denotes  the  unknown  received  signal  amplitude,  t  denotea  the  i^jknuwr.  carrier  phase  and  n»  (t) 
denotes  the  interference  (receiver  noise  plus  clutter)  appearing  on  the  i  beam.  Equation  (1)  assumes 
that  the  target  is  located  at  zero  range  and  has  zero  velocity.  This  has  been  done  for  convenience;  the 
formulation  can  be  changed  in  an  obvious  way  to  ban  lie  the  situation  where  the  target  ij  located  at  an 
arbi.rary  range  and  velocity  assuming  that  the  target’s  range  and  angular  location  do  not  change  appreciably 
during  the  time  the  observations  are  being  processed.  The  real  function  Gt(6,Cp)  denotes  the  two-way. 
voltage  beam  pattern  of  the  i“*  beam  measured  with  respect  to  the  angular  '•oordi nates  9  and  qp.  These 
coordinates  may  be  thought  of  as  azimuth  and  elevation  angles,  but  any  two  other  coordinates  capable  of 
defining  a  direction  in  space  could  be  usee.  Tuus.  the  irnr>  AC) (3,7)  dc&oies  ihe  ampliu.de  ni  the  target 
return  received  on  the  i“*  beam  when  the  angular  coordinates  of  the  target  are  6  and  Cp.  1 '*•>  assumption 
that  the  Ct  are  real  reflects  the  fact  that  the  arrival  times  of  the  received  waveform  at  the  different 
antennas  are  assumed  to  be  identical  regardless  of  the  angular  location  of  the  target.  This  is  never  exactly 
the  case  in  a  practical  amplitude-comparison  monopulse  system,  but  careful  antenna  design  can  yield  a 
system  for  winch  it  is  a  reasonable  assumption. 

The  analysis  wilt  be  greatly  simplified  by  assuming  that  the  signals  on  die  various  beams  are  first 
passed  through  filters  matched  to  toe  assumed  target  range  and  velocity  before  becoming  available  for 
further  processing.  Stated  in  mathematical  language,  the  observables  available  at  the  receiver  are  assumed 
to  be  the  complex  voltages  given  by* 

y{  3  j  rl(t)»*(t)dt  =  Ae^Gj(fl,9)  +nt,  i=l . m  (2) 


where 


nt  *  J  nt(t)s*{t)dt.  i=l,.,., m  (3) 

a 

and  it  has  been  assumed  that  the  transmitted  signal  is  normalized  so  J  |  s(t)  |  dt  =  L  Equation  (2) 
can  be  rewritten  in  an  equivalent  vector  form  as  follows: 


*  =  A«j*0!e.«p)  +n  (41 

where 

£T=  . y,}.  CT(0.CP)  a  [Gi (9 , cp) . G, (8,cp)],  nj  =  [n . n,] 

This  vector  equation  will  prove  to  he  much  more  convenient  to  work  with  in  the  subsequent  analysis  than 
its  equivalent  form  given  by  Equation  (21. 

The  next  set  of  asrmtptionK  that  must  be  made  in  order  to  complete  the  mathematical  model  of  the 
received  signal  concerns  the  statistical  description  of  the  complex  interference  vector  n.  It  will  be 
assumed  that  n  is  a  complex  Gaussian  random  vector  having  zero  mean  and  covariance  matrices  given  by 

E(nn*|  -  A.  E(n  nT)  =  0  (5) 


where  A  is  a  real,  symmetric,  positive  definite  matrix,  lb's  second  assumption  in  Equation  (5)  is  made 
so  that  the  statistical  properties  of  n  will  be  consistent  with  the  fact  that  n  was  derived  from  the  random 
processes  n»  (tl.  i=I, . . . ,  m  via  Equation  (3).  The  processes  n,  it;  &rc  complex  envelopes  and  thus  have 
the  well-known  property  E[nj  (t)n,  (t')j  -  0  (see  [6],  p.  156)  from  which  the  second  equation  ir.  (5)  follows 
immediately. 


t  The  asterisk  denotes  complex  conjugate  of  a  scalar  or  conjugate  transpose  of  a  matrix, 
tt  The  superscript  T  denotes  matrix  transpose. 


The  rea*ou  for  assuming  that  A  i»  a  real  matrix  instead  of  allowing  it  to  be  a  more  general  complex 
variance  xnatnx  conics  ijFviv*  **%s  following  argum  n*.  The  interference  i»  the  iutn  at  .'oitf  produced 


covariance  matrix  cornea  I cvK»  the  following  orgum  r(.  The  interference  i«  the  stun  .?oi»f  produced 
by  clutter  returns  and  receiver  front-end  noise  These  two  noise  soirees  arc  statistically  independent 
which  means  that  A  can  be  written  in  the  form  /.  =  A.  1-  A,  where  A,  is  the  covariance  matrix  o'  the 
receiver  noise.  Since  the  receiver  noise  is  independent  from  beam  to  berm,.  A;  is  a  diagonal  matrix 
with  (tecessarily)  real  elements  on  the  main  diagonal.  Thus,  all  that  remains  to  be  shown  is  that  A,  iti 
real. 

It  is  reasonable  to  assume  that  the  clutter  return  is  the  sum  of  the  returns  from  a  large  numher  of 
independent  scatterers  distributed  in  angle.  Mathematically  this  means  that  the  clutter  return  vector 
ne  can  be  written  in  the  form 

n,  =£  *(6*,Ck)G{ek.<M  (6) 

where  a(6*,<Pk)  denotes  the  complex  amplitude  of  the  return  from  the  k1*1  scatters?  which  is  located  at 
the  angular  coordinates  6*,$*.  The  assumptions  that  the  returns  from  different  scatterers  are  statistically 
independent  and  that  the  phases  of  these  returns  are  uniformly  distributed  from  0  to  2ir  radians  lead  to 
the  conclusion  that 

(E|a(6,,cp,)  |  *0(6,.©,).  i=k 


E[a{0,,©,  )a*(6|,,<A)]  = 


where  0(6,, tp, )  is  the  average  cross-section  of  the  scatterer  located  at  coordinates  8,  .  It  now  follows 

that  the  clutter  covariance  matrix  Ae  can  be  written  ir.  the  form 

A.  ^  Efnn*]  =So(0;,cp,)G(e,,cpi)GT(6,,<p1)  (3) 

Since  G  has  already  been  assumed  to  be  a  real  vector,  it  follows  that  A,  and  thus  A  must  also  be  real. 

The  probability  distribution  of  the  received  beam  voltages  can  now  be  written  down  in  the  form* 

p!i  i  A,  i,8,©.  A)  =  — i— ■  expf-ljr-Ae^G^A'^i-Ae^C-)]  (9) 

s  i  A  J 

More  generally,  the  probability  distribution  for  the  sequence  of  observations  . resulting  from 

n  transmissions  can  be  written  in  the  form  *" 

P(i; . *.  1  A.i,6,qp.A)  =  ■  exp[-  S  <**  -  Ae^GW1^,  -  Aejt‘G>]  (10) 

|a|  *  -1 

X 

where  6_  =  ♦«]  and  it  has  been  assumed  that  the  interference  voltages  are  statistically  independent 

and  identically  distributed  from  observation  to  observation. 

Now  that  a  statistical  description  of  the  observables  has  boen  given,  the  generalised  likelihood  ratio 
test  can  be  used  to  derive  a  strategy  for  determining  the  presence  or  absence  of  a  target  and  lor  estimating 
the  unknown  parameters  of  the  target  if  one  is  present.  If  the  beam  covariance  matrix  A  is  assumed  to  be 
known  (presumably  from  previous  measurements  made  -_n  a  target-free  environment),  then  the  generalized 
likelihood  test  requires  the  receiver  to  compute  the  quantity 

A,£, I  A,t,6,cp,A) 

L  - - 

P(£t . t  A=0' 


aAJr?6,cp  exp  t'to  -  Ae-,**G)*A"*to  *  Ae'’*G) 


and  to  compare  it  with  a  preset  threshold  X.  If  L  <  X,  the  decision  "target  absent"  is  made.  If  L  2  X, 
the  decision  "target  present"  is  made  and  the  values  of  A,  0,0  that  achieved  the  maximum  in  Equation  (11) 
are  used  as  estimates  of  these  unknown  parameters. 

The  maximization  with  respect  to  that  appears  in  Equation  (11)  must  be  performed  in  different  ways 
depending  on  whether  the  case  of  coherent  or  incoherent  target  returns  is  to  be  considered.  For  incoherent 
returns,  the  maximization  must  be  carried  out  over  all  possible  values  of  the  it  0  £  4*  £  2ir,  k=l, . . .  ,m 
whereas  for  coherent  returns,  the  it 's  are  all  set  equal  to  a  common  value  f  and  the  maximization  is 
carried  out  over  all  possible  values  of  i. 


t  The  functional  dependence  of  G  on  8  and  ©  will  not  always  be  indicated  explicitly  in  the  sequel.  The 
symbol  1  j  denotes  the  determinant  of  a  l  x  2  or  larger  matrix  or  the  absolute  magnitude  of  a  scalar. 


The  gcser-hzcrf  likcithcod-ritio  f>r  cate  *hcrc  A  is  unknown  has  the  lame  general  »tr»icture 
just  described  with  the  exception  that  t'»-  quantity  L  i*  ta  be  calculated  from  tj'c  tormula 


A.i!el/  SUl"ft  CXP  At  *  (*  *  -  Ae^G)| 

j  | A |*n  exp  ^  -  *k  *A*  | 


where  the  maximisation  with  r  .  spect  to  A  is  to  ue  carried  out  over  all  real,  symmetric,  positive  definite 
matrices.  The  .maximisation  with  respect  to  i_  is  ta  be  carried  out  in  the  manner  described  above. 

The  next  sections  of  this  paper  will  carry  out  the  calculations  required  by  Equations  (il)  and  (12)  as 
explicitly  as  possible.  The  ease  of  known  A  will  l  a  treated  first  because  it  is  mathematically  much 
simpler  than  the  case  whe  ;e  A  is  unknown. 

3.  DERIVATION  OF  THE  RECEIVERS 

3.1.  Known  Beam  Covariance  Matrix. 

Equation  (11)  can  be  rewritten  in  the  form 


A,£,0.t? 


ZAm^l^G  -  A2GTA-1G 


where 


s  = R*  [ir  J* 


The  maximization  on  A  will  be  carried  Put  by  differentiating  the  bracketed  term  in  Equation  (13)  with 
respect  to  A  and  setting  the  result  equal  to  zero.  This  yields  the  following  expression  for  A .  the 
maximizing  value  of  A. 

*  mVXG 


Cl  G 


Substitution  of  Equation  (15)  into  Equation  (13)  novr  yields 


1.  .  _  max 
»toL~  A.8.CP 


[  (mV^)2 


G  A  G 


The  maximization  on  A  can  be  carried  out  by  writing  (16)  in  the  form 


n  A»®»^ 


fn  Si 


GAG 


In  the  incoherent  case,  the  maximum  in  (17)  if  obviously  achieved  when  b  =  -*rg(jfr*A  G)  and  is  given  by 


(Jj  I»*a_1g1)2 


■  r; 


gVg 


The  correapondiug  maximum  for  the  coherent  case  is  achieved  when  ts  =  ¥  -  -arg  I, ^ *A~*G,  k-1, . . .  .m 
and  is  given  by 


n  8,® 


lKS=12x*A*iG|2 

- *— l - 

g*a  *g 


No  way  of  explicitly  performing  the  remaining  maximization  required  b  f  (IB)  or  (19)  has  been  found;  how¬ 
ever,  additional  insight  into  the  nature  of  the  angular  location  estimates  can  be  obtained  is  certain 
important  special  cases. 

The  best  way  to  obtain  these  results  is  to  return  to  Equation  (16).  Application  of  the  Schwarz  inequality 
to  the  bracketed  term  in  this  equation  yields  the  inequality 


S SB 


-  '  ’~*3 


S-5 


,_T.-i,..2 

'tif  n  li'  T  .1 

s  m  A”  m 


gta-‘g 


(20) 


and  the  inform* tion  that  equality  is  achieved  in  inequality  (20)  if,  and  only  if,  G  «am  for  come  constant  a. 
If  this  condition  can  be  met,  it  follows  that 


1  ,  .  max  T.-l 
—  InL  =  .  m  A  m 

n  f  —  — 


(21) 


and 


G(e.tp)  =  aRe 


[s  A,**'*] 


(22) 


where  the  are  those  tk  that  achieve  the  mcximum  in  (21).  Equation  (2^)  a  till,  doe*  not  give  explicit 
estimates  of  0,ar.d  cp  in  general  but  it  does  yield  the  important  result  that  0  and  cp  depend  on  A  only  through 
the  estimates  tk  of  the  carrier  phases.  This  info.'mation  is  useful  in  deriving  practically  realizable 
approximations  to  the  likelihood- ratio  receiver  as  will  be  done  later. 


a  „  The  assumption  made  in  a^rjving  at  Equatious  (21)  and  (22)  is  that,  for  any  m,  a  constant  e  and  angles 
0,<p  can  be  found  such  that  G  (9,  tp)  =  am.  These  conditions  can  only  be  met  if  the  vector  G<8,qp)  assumes  all 
possible  directions  in  m-3pace  ns  6  and  tp  vary  through  their  respective  ranges.  This  is  obviously  not 
possible  if  m  >  3  but  it  is  true  if  m  =  3  and  the  beam  gains  have  the  property  that  the  equations 


CitfaiE).  =  Xl 

G,'0.<p)  Xl 


(25) 


Ga(C>y)  -  _ 

Gj  (8 ,  qp)  X* 


have  a  solution  for  all  x.  and  x*.  (A  similar  statement  holds  if  m  -  2  and  if  the  two  beam  gains  are 
functions  of  only  onr  angle. )  This  assumption  is  identical  to  the  one  previously  made  in  reference  [3],  and 
will  be  referred  to  "assumption  1"  whenever  it  is  needed  in  the  sequel. 


There  is  one  case  for  which  the  maximizations  required  above  can  b«  explicitly  performed  and  that  is 
the  case  where  there  is  only  a  single  observation,  n  -  1.  Equation  (21)  now  can  be  manipulated  as  follows: 


—  InL  =  ““ 


Re 


[**e*]  A*1  ReJ^e-jtlj  =  Re  e^'J  Rej^re'^j 

J***  +  m^  |  Re^£.T£e‘j2tlj  J  Y£*£  +  7  ‘£T£l  =7J&*A'i3  +|lx>TA*2i! 


(24) 


where  r  -  A~^  jr*.  The  maximum  occurs  when  hi  assumes  the  value  ?i  given  by 
*1  =  7  «g  £Tr  =  7  **8  Xl  1 A"1^ 

In  arriving  at  Equation  (24),  use  was  made  of  the  easily  verified  identity 


(25) 


I  IT 

Re  u*  Re  v  =  j-  Re  u*v  r  y  Re  u  v 


(26) 


which  is  valid  for  any  complex  vectors  u  and  v.  The  results  given  by  Equations  (24)  and  (25)  are  generaliza¬ 
tions  of  the  re-'ults  given  in  [3]  which  assume?  that  the  beam  covariance  matrix  was  a  constant  times  the 
identity  matrix. 


The  results  of  this  section  ai  e  summarized  in  F  l  g .  1.  The  notation  1  next  to  un  equation  means  that 
assumption  I  was  used  in  deriving  the  equation. 


3.  2.  Unknown  Be  cm  Covariance  Matrix. 


The  starting  point  for  this  analysis  is  Equation  (12).  Denoting  the  numerator  and  denominator  of  this 
equation  by  N  and  D  respectively,  it  is  seen  that 


r  InL  =  r  InN  -  rlnD 


(27) 
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n  l,,N  =  A.  iXi.  '  j  '  :i  J  <*  *  AejtkG)*A*l(it  -  Aejt*G)  -  In  \h\  j 

HlnD  =  T  {■  ik  -in|Ai} 


Introducing  tin*  notation  Q  =  A*  and 


--  J-  Ref  r 
n  [«=1 


-  Ae^‘G)(jj,  -  Ae^ 


*1 


Equation  (28)  can  be  written  in  the  form 


=  «*■  A.*X*.Q  t-^Q+lnlQl} 


jvhete  the  maximization  or.  Q  is  to  be  taken  with  rei.pect  to  all  real,  positive  definite  symmetric  matrices. 
Tlie  term  in  brackets  appearing  in  Equation  (81)  can  be  maximized  with  respect  to  Cl  by  taking  its  variation 
on  Q  and  setting  it  equal  to  zero  with  result 

tr(Q‘l  -  060  =  0  (32 

where  use  has  been  made  of  the  formula 

SlnlQj  =  trQ~*6Q  (33 

A  derivation  of  Equation  (33)  can  be  found  in  reference  [7]  on  page  35.  Since  Equation  (32)  must  be  valid 
(or  all  sufficiently  small  peal  symmetric  6Q.  it  follows  that  Q,  the  maximizing  value  of  Q,  is  given  by 
Q  =  C"1  or  equivalently.  A  =  C.  Substitution  of  this  result  in  Equation  (31)  yields  the  result, 

(-  m-lnlcU  04 

Setting  A=0.  in  Equation  (34)  also  yields 


-  lnl>  =  {-m-ln|R|} 


where 


R  =  R«  £  & 


from  which  it  follows  that 


—  InL  =  .  - 


{ln^Rl  -  in|cU 


it  ic  possible  to  perform  the  maximization  on  A  required  by  Equation  (37)  explicitly;  however,  it  seems 
that  additional  assumptions  are  necessary  in  order  to  proceed  further  than  this  point.  For  this  reason, 
i3>  \,mption  1  will  be  invoked  now.  This  assumption  states  that  the  vector  G(6,  <C)  can  assume  any  orientation 
in  nwspacc  and  this  means  that  the  vector  a  =  AG  (9,0)  car.  be  set  equal  to  "an  arbitrary  m-vector  by  suit¬ 
able  choices  of  the  parameters  A,  9  and  cp.  In  other  words,  the  maximization  on  A,  9  and  cp  required  by 
Equation  (37)  is  equivalent  to  mvxir.iizAticn  with  respect  to  a.  Thus,  Equation  (37)  can  be  written  in  the  form, 


^lnL  -  |ln!RS-ln  |Rc  £  (jr*  -  ej’*a)(X*  -  e^a^lj 


,c»ticr.  (38)  can  be  rewritten  c.j  follows. 
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1  _  max  i„i  .  i„  T . T.l 

-*  ***^  -  ^  a  •  111 1 *v  -  rnrn  t  tm-jUim-a; 

=  |ln!Ri  -  1» ! R-mm1 1  -  In  |l  4  (R-mmT  l'1  (m-a)(m-a)T|  j 

whcr?  m  was  defined  by  Equation  (14). 

Next,  making  use  of  the  following  identity  (reference  [7],  page  3c)  which  is  valid  for  an  arbitrary 
matrix  W  and  arbitrary  vectors  £  and  v, 

(W  +  u  vTl  =  |w|fl  tvrff'!u]  , 

Equation  (39)  can  be  put  in  the  form 


(391 


(40) 


^  InL  -  |-ln j  1  -  R  |  -  In  [I  +(m  -a)  ^  (R-mm"^)'*(m-a)]j 


(41) 


T.- J, 


-  ’^ax  {-lnp-xr»"*R“*m]  -  ln{l+(m-a!'1  (R-n»‘)"1(m.a)) 

i 

The  maximization  on  a  required  by  Equation  (411  is  performed  by  setting  the  variation  of  the  bracketed 
term  with  respect  to  a  equal  to  zero.  This  results  in  the  equation 


(R-mm^f\m-a)  =  0 


(42) 


*  A 

which  must  be  satisfied  for  all  6a.  It  follows  that  &,  the  maximizing  value  of  a,  is  given  by  a  =  m  and 
Equation  141)  becomes  ~  ~  ” 


max 

JL 


|  -ln(l-mTR‘1m)  =  -ln{l  -  x^kx  mTR*lni] 


(43) 


No  way  cf  explicitly  performing  thy  maximization  required  by  Equation  (43)  has  been  found;  however, 
if  the  maximizing  phases  are  denoted  ,  then  the  amplitude  and  angle  estimates  are  given  by 


AG(6,$)  =  i  =  Re  ~  E 
—  —  n  *  =1 


(44 ) 


Note  that  this  equation  has  the  came  form  as  Equation  (22)  which  was  derived  for  the  case  of  a  known  beam 
covariance  matrix.  The  only  difference  is  that  cow  the  phases  are  dete*  -nintd  by  Equation  (43)  instead  of 
Equation  (21). 

Although  the  maximization  appearing  in  Equation  (43)  cannot  be  performed  explicitly,  the  problem  can 
be  transformed  is  a  vay  that  makes  the  resulting  receiver  structures  lock  similar  to  the  ones  derived  for 
the  case  of  a  known  beam  covariance  matrix  and  gi*. en  by  Equations  (18)  and  (19),  The  key  to  this  trans¬ 
formation  is  the  following  general'*' 

Lemma;  If  v(x)  is  a  real,  vector-valved  function  oi  a  vector  parameter  x  then 


Proof: 


max  i|„.  ,n  _  max  jmsx  T  ,  ,) 

x  toll  -  e,  iy,  rl  j  x  E  v(x)j 

A 

and  e,  the  maximizing  vsluc  of  <s  is  given  by 

.  v& 

"  =  llv<H)li 


where  jc  is  the  maximizing  value  cf  x. 

The  truth  of  this  lemma  is  obvious  os  geometric  grounds  but  a  formal 
proof  can  be  given  as  follows.  The  Schwarz  inequality  implies  that. 


t  The  author  is  grateful  to  J.  R.  Johnson,  consultant  *o  this  Laboratory,  for  painting  out  this  lemma 
to  him. 


’yiyva  ».  -  vv:'- 


!)-8 


£TV(X)  ^  ,!V(X)"- 

for  all  o  satisfying  He'S  =  1  and  for  all  x.  It  follows  that, 
max  j  max  eTv(x,  {  s  "tax  ||v(x)li. 

e.  «•  =1  (  * - \  h 

Next,  it  is  obvious  that, 

m*x  Ilv(x)u  =  i!v(x)!!  =  eTv(x) 

where  is  defined  by  e  =  vjx)/l|v! 


*T  *  w  max 
e  v(x)  s 


therefore, 
max 


»T  ,  ,  ^  max  (  max  T  ,  .  1 
-  ~{~]  e,ilc!!=l  \  x 


T  to!  *  .M--1  j  T  *Tto} 


(45) 


(46) 


(47) 


(48) 


(49) 


The  truth  of  the  lemma  now  follows  from  inequalities  (46)  and  (49). 

Applying  this  lemma  to  the  problem  of  finding  m^x  m^R  =  $  1^  ^51  Si  results  in  the 

equation  ~  ~ 

max  T_-l  max  l  max  ,  T0»5_.2» 

■T™  R  21=  o.!Uli=l  \  i  (£  R  ) 

Now,  it  is  easily  seen  that 

-« I^V  =  ”T  (i  k  k^'^'f 

in  the  incoherent  case.  The  maximizing  phases  are  given  by  ft  =  *rg  eTS.  ‘It*  Thus*  ior  the  incoherent 
case. 


(50) 


(51) 


max  _.T0-1  ..  max  /  i.  ?  1-TR“^w  l  \Z 

l  a  R  52  -  e.|jcjl=l  (  n  ,Z=l  R  j 

The  corresponding  result  for  the  coherent  case  is  given  by 


152) 


max  Tjj-1  _  max 
4  ®  R  ®  "  e.  !1eH=l 


i  E  T  -i 
-  Z  cR*# 
n  *=i  -  " 


*  •  »  . 

The  maximizing  vectors  e^  and  Cj,  for  the  incoherent  and  colic  rent  cases  are  given  by 

«»  =  «tp'*  Rci  t\x  to*'1*' 


(53) 


(54) 


.  i  i  » 

*»  =  C«R  5R*  ^ 

respectively.  The  constants  a,  and  tte  appearing  in  these  equations  arc  picked  to  make  9«*ii  -  1  »*d 
lie*U  =  1  respectively. 

Comparison  of  Equation  (54)  or  (55)  with  Equation  (44)  shows  that  the  amplitude  estimate  Aand  the 
angle  estimates  C  and  ©  are  given  by  the  equation 

AG(§,©)  =  a_1R.^e 


(55) 


(56) 


where  the  a,  *  pair  corresponding  to  either  the  incoherent  or  coherent  case  are  to  be  used.  Th<t  angle 
estimates  anefthe  detection  logic  given  by  Equations  (52),  (53)  and  (56)  can  be  cast  mto  a  more  illuminating 
form  by  recalling  that  because  of  assumption  I,  the  vector  G  (6,©)  assume*  ail  possible! directions: in 


J-»p4ce  \QT  ivapacc  IX  V*  omy  oepeno*  «  a.*****-*  —  -  ’J - y  - - ~  .  -  ,  _ 

mcAJi*  that  the  vector  R-IG  aJso  Assumes  all  po*tible  direction*  in  3~space  rni.  therefore,  that  the  vector 
R~^G  /lGT  R~*G 

can  be  set  equal  to  an  arbitrary  3-space  unit  vector.  In  other  words,  a  vector  e  appearing  in  either 


'  "*  '*''■"*  *-»‘^«V‘—  *•«.  -F-  *  '‘' 


•mcwt^*  i 


8-9 


, 


f: 


E* 


B 


I 


£ 


Equation  (52)  or  (52)  can  be  replaced  hy  R'^G/jG^R^G]5  and  the  maximisation  performed  on  8  and  $ 
instead  of  on  e.  This  lends  to  the  following  equations  ~ 


max  T_-l  _ 
.  m  R  m  = 


lax 


max 

0»P 


T  1 
G  R  *G 


(57) 


and 


max 

t 


T  -1 
m  R  m 


max 

8,cp 


(58) 


pertaining  to  the  incoherent  and  coherent  cases  respectively.  Mprcovgr,  it  now  follows  from  Equation  (56) 
and  the  fact  that  e^  =  R-sG  / {GtR"^Gjs  tliat  the  angle  estimates  8  and  <p  are  those  values  of  9  and  cp  that 
achieve  the  maximum  in  Equation  (57)  or  (58).  Note  that  the  form  of  Equations  (57)  and  (58)  is  the  same  as 
that  of  Equation  (18)  and  (19)  which  were  derived  for  the  case  where  the  beam  covariance  matrix  was  known. 
The  main  difference  between  these  sets  of  equations  is  that  the  known  covariar.ce  matrix  A  appears  in  one 
set  whereas  the  other  set  uses  the  matrix  R  which  is  derived  from  the  observations  via  Equation  (36). 
Another  difference  is  that  Equations  (57)  and  (58)  are  only  valid  when  assumption  1  is  in  force;  Equations 
(18)  and  (19)  were  derived  without  making  this  assumption. 

The  results  of  this  section  are  summarized  in  Fig.  1  along  with  the  results  derived  previously  for 
the  case  where  A  was  known.  There  are  no  unknown  -A  results  when  only  -a  single  observation  is  avail¬ 
able  because  in  this  case  there  are  more  unknown  parameters  than  observed  quantities  which  means  that 
estimation  of  these  parameters  is  impossible. 

4.  SOME  PROPERTIES  OF  THE  LIKELIHOOD- RATIO  RECEIVERS. 

One  interesting  property  of  the  receiver  structures  that  just  have  been  derived  is  that  they  era  invariant 
to  linear  transformations  of  the  beam  patterns.  To  illustrate  this  notion,  consider  the  case  of  a  two-beam 
radar  whose  beam  patterns  are  identical  except  that  they  are  skewed  in  angle  with  respect  to  one  another, 
i.e. 


G,  (8)  =  G(e-e0).  Ga(8)  =  0(848,,)  (59) 

Most  monopulse  systems  do  not  work  directly  with  beams  G,  and  Gs  but  rather  with  sum  and  difference 
beams 


H,  (9)  =  G,,9)  4  Gg(6),  Ha(9)  =  G,(8)  -  Gc(?>  (63) 

and  process  the  signals  from  these  beams  in  the  receiver.  It  is  natural  to  ask  whether  there  is  any 
difference  in  either  structure  or  performance  between  the  likelihood -ratio  receiver  based  on  the  signal* 
derived  from  Gj  and  Ga  and  the  likelihood-ratio  receiver  based  on  the  signals  obtained  from  H.  and  Ha. 

The  answer  to  this  question  is,  no;  both  receivers  have  identical  structures  and  •'erform  equally  well. 

This  statement  is  .a  special  case  of  the  invariance  principle  referred  to  above  »ud  which  now  vill  be  proved. 


To  fix  ideas,  consider  the  case  when  the  beam  covariance  matrix  is  known  and  the  observations  are 
incohe/ent.  The  receiver  structure  pertinent  to  this  case  is  given  by  Equation  (18)  and  the  angle  estimates 
0  and  flp  are  those  values  of  0  and  tp  that  achieve  the  maximum  rt-~  «ired  by  this  equation.  Suppose  now, 
that  instead  of  starting  with  the  beam  vector  G  and  the  corresponding  received  voltages  y* ,  the  beam 
vector  H  -  BG  and  the  corresponding  received  voltages  tj*  =  By* ,  where  3  denotes  an  arbitrary,  real,  non¬ 
singular  matrix,  had  been  used.  The  beam  covariance  matrix  xor  this  case  is  given  by  K  -  BAB*  and  the 
corresponding  likelihood-ratio  receiver  is  defined  by  the  equation 


„  max 
e,<P 


X  IhV1*  l)2 

£Tk'1S 


(61) 


Using  the  definitions  of  H  K  and  y* ,  this  equation  can  be  rewritten  in  the  farm. 


! 

max 

i  a 

•s  A 

|GTBT{BT)"1A"1B'1Bxit  l)2 

_  max 

,  n  ,  2 

!  3TBT(BTrVXB*lBG  1 

8.® 

G^A^G 

r 

(62) 


The  last  equation  is  identical  to  Equation  (18)  and  tide  establishes  the  fact  that  the  receiver  defined  by 
Equaiier.  (61)  and  that  defined  by  Equation  (18)  are  equivalent  in  every  respect.  This  argument  has 
established  the  invariance  principle  fo~  the  case  where  the  beam  covariance  matrix  is  known  and  the 
observations  are  incoherent.  The  proofs  for  the  other  cases  under  consideration  are  almost  identical 
and  will  not  be  given  here. 
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Another  property  of  considerable  interest  is  that  the  likelihood- ratio  lecetvers  derived  for  the  case 
where  the  beam  covariance  matrix  is  unknown  exhibit  s  CFAR  (constant  false  alarm  rate)  behavior 
More  precisely,  it  will  be  shewn  that  these  receivers  have  a  false  alarm  probability  that  is  complete' v 
independent  of  the  true  beam  covariance  matrix.  This  fact  «n  he  established  bv'  con“iderit.C!l  of 
Equation  (571  which  defines  the  likelihood- ratio  receiver  for  the  case  of  incoherent  observations.  Intro¬ 
duction  of  the  change  cf  variables  defined  by  it*  -•  ,  where  A  denotes  the  true  beam  covariance 

matrix,  results  in  the  equation. 


max  j 

(i  t  |GTR-‘yk|)2i  1 

n  _  mioc  1 

^icVW^i)2 

e.cp  j 

gtr*1g  j  3*C-'  i 

gta‘*m'V*g 

where  the  matrix  M  is  defined  by 
M  =  Re 


[1.1H 


(63) 


(64) 


Next,  Equation  (63)  plus  the  recoUecticn  that  assumption  1  (which  was  used  in  deriving  this  equation) 
implies  that  the  vector  A-sG  ranges  over  all  possible  directions  in  m-space  as  0  and  tp  vary  through  their 
ranges,  results  in  the  equation. 


max 

<i  isV*!)* 

(  -  nn  ! 

*  n  *  q  ’ 

if  z=l  |r 

9,0  j 

T  -I 

OR  G 

r  h  i 

T  -1 

H  M  H 

where  the  last  maximation  is  to  be  taken  over  all  possible,  real  vectors,  H.  It  is  easily  seem  that,  when 
A  =  0, 


£<lfcll**>=  I  •  E(Ty)  =  0 


(66) 


which  means  that  Equation  (65)  is  completely  independent  of  the  true  beam  covariance  matrix  A  when  no 
target  return  is  present.  This  means  that  the  probability  that  the  right-hand  i,de  of  Equation  (65)  exceeds 
a  given  threshold  Abe  false  alarm  probability  of  the  receiver)  is  independent  of  A  thus  establishing  the  CFAR 
behavior  asserted  earlier.  A  similar  argument,  leading  to  the  same  conclusion  easily  can  be  carried  out 
for  the  coherent  esse. 

S.  AN  APPROXIMATION  TO  THE  UKFLIHOOD  RATIO  RECEIVER. 

The  case  to  be  considered  here  is  that  of  a  monopulse  receiver  using  conventional  sum  and  difference 
beams.  For  simplicity,  attention  will  be  restricted  to  a  two-beam  system  where  the  beams  ar*'  functions 
of  only  or-e  angular  coordinate.  It  has  bt  -Mi  shown  above  that  when  assumption  I  holds,  the  angle  estimate 
9  is  always  given  by  an  equation  of  the  form 


0(0)  =  a  Re 


[i  l  *•-*■] 


(ST) 


regardless  of  whether  the  observations  are  coherent  or  incoherent  or  if  the  beam  covariance  matrix  is 
known  or  unknown.  The  only  difference  between  these  various  rases  is  the  manner  in  which  tbe  carrier 
phase  estimates  ik  are  obtained.  For  tbe  two-beam  case  under  discussion,  Equation  (6?)  is  equivalent 
to  the  equation. 


Gi(8) 

Re 

-  1 

n 

all 

ytae*^] 

G,(0) 

Re 

[A 

y.»ejt*j 

where  Gt  (0)  will,  be  understood  to  bv  the  difference-beam  pattern  end  G#{0)  the  sum-beam  pattern. 
Similarly,  yJk  denotes  the  signal  received  on  the  difference  beam  after  the  kth  transmission  and  y«t 
denotes  the  signal  received  on  the  sum  beam  after  the  kth  transmission . 


One  way  of  obtaining  an  approximation  to  the  angle  es  timatc  0  is  to  first  decide  on  a  reasonable 
approximation  to  the  carrier  phase  estimates  and  $hen  to  use  these  approximate  estimates  in  Equation  (68) 
For  the  incoherent  case,  it  seems  reasonable  to  set  it  equal  to  the  phase  of  the  k“  observation  made  by 
file  sum  beam,  i.  e. ,  =  arg  yik  .  With  this  approximation.  Equation  (68)  becomes. 


Si. SSI 

C,<0) 


n 

£  iyikl  cos(0lk  -  0,k) 
*  =1 


£  ly-tl 

*=i 


(69) 


when  9lk  =  arg  ylk  and  @Sk  -  arg  y,k.  Finally,  making  the  usual  assumptions  that  the  difference  beam 
is  linear  in  0  and  the  sum  beam  is  constant,  leads  to  tbe  equation. 


S^r-T.‘"^  *»  "->•»  e 


-  ^5 


8-n 


e  =  a 


E,  lym  |ccs(S,»  -  e,„) 

*  =1 


A 


(70) 


wr.crc  u  x*  a  con»uuii  c*n  uc 


’.crmatcu  iruiu  mi?  iwuwn  unam  oximjjco. 


For  the  case  of  one  observation,  n=l,  the  angle  estimate  given  by  Equation  (70)  is  identical  to  the  one 
e  ted  by  many  practical  monojulse  systems.  The  generalization  to  n  observations  is  a  straightforward 
incoherent  combination  of  the  conventional  monopulse  data  available  after  each  individual  transmission 
as  indicated  by  Equation  (70). 


A  similar  analysis  applicable  to  the  coherent  case  leads  to  the  equation, 
n 

Irtt  ic°*  <8»i t-t; 

§  .  a  _L±__ -  (71) 

1  £  yati 

*=1 


£ 


wh>«r«  the  approximate  carrier  phase  estimate  J  is  taken  to  be  the  phase  of  the  coherently  integrated  sum 
beam  returns. 


*  n 

$  =arg  t  y33 

C  -1 


(72) 


Once  again.  Equation  (71)  dictates  a  straightforward  combination  of  the  conventional  mcnopulse  data  avail¬ 
able  at  the  end  of  each  transmission  but  this  time  coherent  rather  than  incoherent  integration  is  involved. 

The  next  job  it  hand  is  to  derive  easily  realizable  approximations  to  the  detection  algorithms  defined 
by  Equations  (18),  (19),  (57)  and  (58).  The  simplest  way  of  accomplishing  this  end  seems  to  be  to  assume 
that  only  the  cutouts  from  the  sum  beam  will  be  used  for  target  detection.  Given  this  assumption,  the  next 
task  is  to  derive  tne  likelihood- ratio  receiver  based  on  the  observations  y3 1 , . . . ,  y3,  in  the  hope  that  its 
structure  will  be  simple  enough  to  be  easily  realizable.  This  indeed  turns  out  to  be  the  case  as  now  will 
be  demonstrated. 


The  details  of  the  derivation  of  the  likelihood- ratio  receiver  based  on  the  observations  y3i ,  y33, . . .  ,  y3» 
will  not  be  presented  because  they  are  similar  in  every  respect  to  the  del  /ation  of  the  likelihood- ratio 
receiver  based  on  ^ .  Yj,  ■ . .  that  has  been  given  above.  There  are  a^ain  four  cases  to  consider 
depending  on  whether  the  target  returns  on  the  sum  beam  are  coherent  or  incoherent  and  whether  the  vari¬ 
ance  of  the  sum-beam  interference  signal  is  known  or  unknown.  When  this  variance  is  known,  the  receiver 
is  defined  by  the  equation 


target  present 

£-  lyt*  1  <  X 

target  absent 


*=1 


(73) 


in  the  incoherent  case  and  by  the  equation 
4  target  present 


n 


> 

< 


(74) 


target  absent 


in  the  coherent  case.  When  the  variance  of  the  interference  is  unknown,  the  corresponding  receivers  are 
defined  by  the  equations 


/  n 
ill 


!y*»  I 


A  l»>1 


target  present 

^  * 

target  absent 


(75) 


and 


n  2 

r.  2 

A5*”1 


target  present 

:  x 

target  absent 


(76) 


valid  for  the  incoherent  and  coherent  cases  respectively.  Note  tnat  these  tecetvers,  which  are  only 
approximations  to  die  exact  receivers  defined  by  Equations  (57)  and  (58),  still  have  the  CFAR  property, 
i.e. ,  their  false  alarm  probabilities  are  independent  of  the  true  value  cf  the  variance  of  the  interference. 

The  results  c*  this  section  are  summarised  in  Fig.  2. 


8-12 


6.  CONCLUSION. 

The  main  results  k.C  thi3  paper  are  the  receiver  structures  summarized  in  Figs.  1  and  2.  From  an  In¬ 
spection  of  these  figures,  it  is  apparent  that  the  exact  likelihood- ratio  receivers  are  much  more  complex 
and,  therefore,  much  harder  to  implement  than  the  aporoximations  to  these  receivers  shown  in  Fig.  2, 

In  view  of  this  fact,  it  is  very  important  to  compare  the  performance  (angular  accuracy  and  deiector 
characteristic)  of  the  ecact  and  approximate  receivers  in  order  to  determine  whether  the  increased  com¬ 
plexity  of  the  exact  receiver  really  achieves  any  worthwhile  gains.  Computer  simulations  as  well  as 
theoretical  studies  are  r.ow  in  progress  to  accomplish  this  goal.  The  results  of  this  work  are  not  avail¬ 
able  at  this  time  but  they  will  bo  presented  in  the  near  future. 
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SUMMARY 

Tha  prerent  atudy  evaluates  the  influenoa  of  frequency  agility  on  tracking  errors  in  a  ra 
dar  systea.  Tha  uaa  of  frequanoy  agility  aedifiaa  the  recaived  spectrum.  Therafore  tha 
aagnituda  of  tUe  glint  and  aointillating  errors  changes.  In  order  to  find  the  signal  spa£ 
truaf  the  correlation,  between  succeeding  pulses,  has  been  evaluated.  The  correlation  is 
dependant  on  frequanoy  agility  bandwidth,  on  target  distensions  and  on  the  law,  by  which 
tha  transaittad  frequanoy  is  chosen. 

Tranaforaing  tha  signal  autocorrelation  function,  the  received  power  spectrua 
haa  bean  obtained;  a  broadening  of  the  spectrua  due  to  the  reduction  of  the  correlation 
aaong  pulses,  oooura.  Expressions  of  glint  and  scintillation  errors  have  been  obtained. 

For  aoae  apecifio  oases,  orrors  have  bean  evaluated  and  plotted  aa  a  function  of  the  oor« 
relation  coefficient. 

Fron  the  analysis  of  tha  rasulta,  it  la  possible  to  draw  this  conclusion:  tha 
uaa  of  frequanoy  agility  gives  a  reduction  of  traokxng  errors  for  a  aonopulae  radar.  For 
a  conioal-soan  ayatsa,  while  the  glint  arror  ia  always  reduced,  tha  scintillation  error 

aay  inoraaaa. 

1.  INTRODUCTION. 

Tna  angular  accuracy  has  haen  completely  evaluated  for  radara,  using  a  fixed 
transwiasion  frequency  [l]  .  The  uain  oausea  of  arror,  for  both  a  aonopuise  and  a  conical— 
aean  ayataa,  are  [23*  »)  amplitude  fluctuation,  b)  angle  ecintill ation  or  glint,  e)  ?»c»i 
var  solas,  d)  servo  noise.  While  tha  latter  two  errors  are  independent  of  the  transaittad 
signal  spectrua,  the  foraer  two  are  depandent  on  how  a  target  looks  when  a  pulse  hits  it. 

Therefore  in  a  frequency  agility  syetea,  where  the  transmitted  frequency  ia  chan 
gad  at  every  pulse,  the  tracking  errors,  due  to  angle  and  amplitude  fluctuations,  assuae 
different  values  that  in  tha  conventional  radar. 

The  purpose  of  this  paper  ia  to  caaqr  ont  a  couplets  evaluation  of  the  tracking 
errore  for  aonopulae  and  conical  eoan  radara,  both  employing  frequency  agility. 


2.  AKCULAR  ERRORS  IN  A  MONO  PIJLSS  RADAR 

The  syetea,  here  considered,  is  a  traditional  aonopulse  radar,  a  siapli<*ied 
block  diagraa  of  such  a  radar  aay  be  found  in  [l]  or  [2}. 

•The  errors,  introduced  by  target  scintillation,  depend  nainly  on  the  AGO  and 
servo  characteristic*  and  on  the  noise  power  spectra  at  the  input  of  these  two  circuits. 
This  requires  to  compute  the  received  signal  speutrus. 


2.1.  Received  signal  epectrus. 

The  signals,  both  in  the  aua  and  in  difference  channels,  have  spectra  of  equal 
shape.  When  frequency  agility  in  not  used,  the  echo  epectrua  in  ekachted  in  fig.  1. 

Tha  broadening  in  the  lines  is  caused  by  target  scintillation  and  its  shape  L* 
dependent  on  target  characteristics.  A  good  fit  for  this  shape  is  assumed,!  I'i,: 


V/(4> 


(D 


aha re  4«  ,  the  half-power  frequency,  depends  on  the  aaxiaus 
dar  wavelength. 


target  diaensicn  and  on  ra« 
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Without  taking  into  consideration  th«  carrier  frequency,  the  speotrua  in  given 


S(4),  2  W(4-»f.) 

*"  '  J  ht-co 


'.there  "5  ia  tha  pulae  length  and  r*  is  the  pulse  repetition  frequency. 

In  k  frequency  agility  radar,  tha  target  act.o  fluotuataa  not  only  baoauaa  of  aj> 
tiona  of  tha  target  but  alao  baoauaa  tha  traaaittad  frequency  ia  diffarant  fro*  pulaa  to 
pulaa.  Therefore  tha  r.f.  power  soectrun  of  tha  received  signal  is  diffarant  froa  tha  one 
in  tha  pravious  case. 

The  power  speclrun  ia  ralatad  to  tha  correlation  function  by* 


6l*)» 2 


cos  lxifzlf)6x. 


Therefore,  by  evaluating  tha  correlation  function  it  la  posaibla  to  obtain  tha 
signal  spectrum. 

Let  be  tha  correlation  between  the  i-th  and  tha  j-th  pulrea  whence, 

and  are  tha  tranaaitted  frequencies. 

Considering  every  possible  case,  tha  correlation  factor  is  given  byt 


h\  *  Jj  §Li  & 4-,^ 


where  1*  th«.  joint  probability  density  function  and  . 

Tha  criterion  by  uhlch  at  every  pulaa  tha  tranaaitted  frequency  ia  ohoaaadapcnda 
on  operative  considerations. The  oritarion  does  not  ohange  during  a  single  operative  condi¬ 
tion.  Therefore  the  relation  is  valid* 


*q.  4  nay  bs  written* 


&K  9  Jj  |u  (4t,4iah)>(fc 

}t(D*  i JV(4)wtwb<3b 


bo  tha  sutooorrslation  function  of  tha  internal  fluctuations  of  the  targst.  Taking  into 
seoount  oq.  6,  exoept  for  a  coaling  factor,  tbs  envelope  of  tha  autocorrelation  function 
of  an  infinite  train  of  pul sec  ia  given  hyi 


RsW-,.!t}rf 

a  b«-»  J 


where  reot(t)  is  given  hy  £3]* 


|i  ic  \im 

lc  4*W>14 


The  presence  of  §>,  la  eq.  d  itlcu  ^5  It)  decrease  roor.<  ;•*:  idly  than  la  the  c»« 
•*  of  a  single  traneaittsd  frequency.  This  naans  that  tho  epeotrua  aroui;6  the  lines  pre¬ 
sent*  a  broeiening. 

is  sq.  6  *ho«e4a  oonplet*  evaluation  of  3jK  ia  poaaiblo  only  if  5k^*->  and 

ara  known.  'Thar*  ia  no  published  experioantal  work  oa  «5*> A  theoreti, 
oat  espression  baa  boon  often  used  [4j,{5l«  In  order  to  evaluate  "ja^t  it  ia  asoesea 

ry  define  the  oritarlon,  csptoyad  for  choosing  the  tranaaittad  frequency.  in  a  fraquaaoy 
agile  radar,  usually  the  frequency  is  readonly  ohoaen  within  a  band.  Therefore  the  fre¬ 
quency  of  any  two  pulses  are  independent  and  the  relation 


p  {k .  \t*») *  £  ^40  £  (4i*k) 


holds. 


Taking  mt o  consideration  eq.  10,  eq.  6  gives: 


*>• 


1 }  W' 


The  autocorrelation  is  new  given  by  f 

R»U)-  *1*0  j_  (i- + 
*  f  Z  (*- 


t  -  bT 


*?*00  t«cC  (“)  + 

x  /  •  27  /) 


Usually  ths  pulse  length  ia  cuoh  shorten  than  the  target  correlation  tine  an!  it 
nay  ha  as  suae  d,  without  loaa  of  generality  e^CtO- *•  .  Theraforo 


w-  (-«  [<- $■’]**£)♦  i*»z  )-t  [*£■) 


Using  eq.  ■}  it  is  possible  to  obtain  the  apectrua  of  tha  received  signal: 
efri  1.  z\  \  *'’*(*?*>]  X  f  V-***  vv/f?  ,.r\ 

t  j  Z, 


is  eq.  14  chows,  the  use  frequenoy  agility  divides  the  speotrua  ia  two  terns. One 
•f  thaa  has  a  shape  equal  to  the  epectrur  of  a  oonvential  radar, hut  is  rsduced  by  a  factor 
5  ,  which  depends  on  target  characteristics  and  on  tha  width  of  the  traaesitted  frequen¬ 
oy  hand.  Tha  other  ten,  givoerlsa  to  a  broad-band  apectrua.  If  coaplete  uncorrelation  bei 
waan  any  two  pulses  is  obtained,  only  the  broad-band  tern  is  present.  “ 
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Fig.  2  show*  a  typioal  speatrua  of  the  received  signal  for  a  frequenoy  agile  monopulae  ra 
dar. 


2.2.  Srror  evaluation. 

In  order  to  evaluate  th*  filtaring  affaot  of  ACC  and  servo  loops  on  scintilla* 
ting  nolsof  it  is  nscssssry  to  consider  the  presence  of  detectors  hath  in  the  sum  and  di£ 
fa-’  nee  channels.  As  mentioned  before,  the  signal  spectrum  shape  is  equal  in  both  channels. 
Therefor*  the  signal  spectrum  at  the  output  of  a  phase-sensitive  deteotor  is  given  by  the 
convolution  of  the  i.f.  spectrua  with  itself,  as  for  s  square-law  detector. 

Regarding  the  envelope  deteotor,  the  shape  of  detected  speotra  are  slightly  dif 
ferent  for  square-law  and  linear  detection  [6}.  Therefore  only  the  square-law  oat*  will 
be  considered. 

In  Appendix  the  signal  epectrua  after  detection  has  been  computed.  This  spectrum  is  given 
by  t 


iirnK'C  -  S*h  (jr-aE-t) 

“>■  ■  ■■»«  — ■—  »■  ■  i  .  ■■  *  - 

(iTTnfi-c) 


(15) 


+ 


zn |x  -  sfa 
(arc-jV 


i 

l 


where  4^  *2  4- 

If  ks  is  given  in  meter  pmr  mec  or  mile  per  esc,  j>#(4}  givemdireotly  the  error 

spectrum. 

The  servo  and  ACC  filters  are  low-pass;  therefore,  only  the  error  spectrum  compo 
seats  around are  of  interest. 

Thic  part,  ^'(4;  ,  is  given  byi 


wh*  . 

It  is  new  possible  to  evaluate  errors. 

The  error  introduced  by  amplitude  scintillation,  is  proportional  to  the  bias  or 
ror,  .  It  is  null  when  the  target  is  on  the  boresight. 

?he  spectrum  of  this  error  is  fl)t 


wbers  Ys(4) 


the  ecintillatio-.  error  factor,  is  defined  hyj 


(IS) 


Y,(4)  i*  the  open-loop  voltage  gain  tranfsr  function  of  the  400  loop  and  Y«(4)  the  ol£ 
sed-loop  transfer  function  of  the  servo. 

Integrating  W*(4)  from  -®  to  *  w  and  talcing  the  square  root  of  tbs  integral 


'  3 
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J3Sg&Sg65gJ4!S^-J«-  5 


the  error*  0$  ,i*  obiained: 


4« 

.  6. ^.r*  j^rV'ttttfy  *  W*-?)  $^«)\^} 


The  erro?[  when  frequency  agility  la  not  used,  is: 


***  i*.*j^ixttii^y 


Therefore  eq.  1?  may  be  written: 


*tt  •  «  \  $ 


*<*-*”) 


\xwrV 


where  2^  is  the  eoiae  bandwidth. 

Eq.  21  shawl  that,  for  <£  oona-tant,  the  error  reduces  as  Bw  and Y(o)inorease. 
Zt  reduce*  by  a  leaser  aaount  as  oi  and  Oj,  increase.  The  angular  noise  epsetru*  is  like 
the  sointitla.ion  spectres.  Therefore  the  glint  error,  Oi «  ,  when  ACC  is  absent,  is 

oxpressea  by  eq.  25.  where  is  substituted  by  JY£ («)}*_  . 

To  coapute  the  glint  error,  V+t  ,  when  *  fast  ACC  ie  present,  ie  eery  ooaplsx. 
However  it  is  possible  to  use  en  approxiaation.  It  hae  been  f ound , [61 J£TJ  t  that,  because 
of  a  correlation  between  ihe  echo  amplitude  and  the  angular  srror,  the  prsssnee  of  a  fast 
ACC  double*  q*t  .  There! 9*«.  considering  this  approxiaation  valid,  it  is  possible  to 
as#  eq.  21. 


3.  ANGULAR  ERRORS  I*  A  COjJICAL-SCA*  RADAR. 

In  ■*  conioal-soan  radar  another  error  aust  be  addtd  to  tho  two  errors,  ewalua*- 
ted  for  aonopnlse  systems.  This  srror  is  produced  by  high  frequency  components  within  the 
Baseband  which  is  centered  at  the  scan  frequency. 

This  error  is  ^ 13  * 

01  =  0.4C  K  (22) 

where  is  ths  3  dB  be&awidth  and  Jo*.  is  the  servo  bandwidth- 
Taking  into  consideration  eq.  16  ws  beve: 

i* 

/e\  ..  oi  ■£>»■  <5**4 


s:  (4)*  $ 


$;«.).  k r^-F^r-.u-rj]  b  $*i 


(23») 


Therefor* 


VU*  <rt 


for  anall  values  of  ^  and  It 


Therefore  the  use  of  frequency  agility  say  increase  thia  error,  and  tha  total 
error  could  'oe  worse  than  that  of  a  conventional  radar,  without  fraquanoy  agility. 


4.  EXiWPS,K3. 

In  order  to  give  an  idaa  of  tha  affaot  of  fraquanoy  agility,  arrora  hara  haan 
evaluated,  aaauaicg  for  tha  servo  and  AQC  loop*,  tha  tranafar  function,  ohoaan  in  I VJ.Tha 
aarvo  hand-width  and  tha. targat  apaotrun  bandwidth  arc  5  opa,  whila  thraa  different  43 C 
characteristics  ara  taken  into  consideration  (no  400,  alow  405  and  faat  ACC).  A  alow  AGO 
aeually  in  employed  in  a  oonioal-aoan  radar,  whila  a  faat  ACC  ia  used  in  a  nonopulae  ra¬ 
dar. 

3y  graphical  integration,  it  ia  ahown  that* 


«s  [|a+  *SL(i*^)] 


tor  no  ACC 


(25a) 


for  alow  AOC 


(25h) 


i l .4  43 

<•*1*  4~ 


M')] 


for  faat  AQC 


(25o) 


In  figa  3,4  and  5  has  be>-.  plottad  waraua  ^  for  thraa  Aifforent  f* 

luea  of  «  . 

Comparing  tha  raeults,  tha  uaa  of  frequency  agility  reduces  tha  conioai-soan  ra 
dar  sore  thaa  tha  nonopulae  arror. 

Sq.  Ztx  allows  ua  to  obtain  tha  glint  arror.  It  ia  possible  to  evaluate  how  a 
typical  situation  is  nodified  by  frequency  agility. 

She  situation  conoidered  ia  shewn  in  £8}  *•’*  in  CO  •  Assuming  o,d  ,  tha  glint 


1.  *.*».<  V  .  fetor  to.  I.  tl«.  6  tu  ~t~ 

l*  ourve  B  is  the  total  error  for  a  frequency  agile  rr.dar. 

The  reduction  of  glint  arror  i.  gr.et  and  th.  total  arror  Ur. Quoad  for  low 
luaa  of  R.  -The  advantage  of  frequency  agility  diaappaara  as  R  oeoo.aa  larga. 

In  the  s**a  of  a  oonioai-soan  radar,  sesuning  4v^q*  .  «•  fcava* 


5,  *  45  Oi 

for 

*»  s® 

Cjj  r  *1.0  b  0« 

for 

«.  loo 

rrc,  ®  0.^5  Ci. 

for 

o(:  J!CO 

That'  for«-Jto  the  ouplitude  noiaa  arror  increases. 

In  fig.  7  curve  A  shows  the  total  arror  for  a  conventional  coni oal-aoan 
ourva  B  represents  the  total  arror  for  a  frequency  agUa  conical-eoanjadar  th# 

plituda  fluctuation  does  not  vary  Curve  C  represents  th*  ^aae  ■  * 

«pli*«d.  fluctuation  inoraas...  ourv.  C  is  not  always  lonar  than  curve  A^  Tharafors 

ra  are  so*,  value  of  H,  where  th.  ua.  of  frequency  agility  vcrs.ne  th*,  tracing  P 

0%. 

5*  concLUsroia 

th.  ...  of  Ml»t,  «.«.,«  Thi.r.d.otl,..^.t.  J~.t. 

it/UA^r)  inoraaeas. 

Therefor®  .ha  use  of  fr.qu.noy  agility  increase,  nonopuis.  systa.  performance. 

For  a  conical-scan  radar  it  is  not  possibl.  to  reach  an  univocol  ooncluaicn. 

APFSJtBIX 

Signal  epeotru*  at  the  dataotor  output 

Apart  a  continuous  tarn  th.  autocorrelation  function  at  the  output  of  a  squa- 
rs-law  dataotor  iss 

KR«(t)  (41) 

If£»(t)  is  given  by  eq.  12, wa  have 

r.w-  z  («> 


Tho  apaotrun  corresponding  to  the  second  tar*  isj 
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COHERENT  AW)  NONCOHERENT  BANDWIDTH 
IN  RADAR  RESOLUTION 


August  W.  Rlhaczek 
Technology  Service  Corporation 
Santa  Monica,  California,  U.S.A. 


SUMMARY 

Coherently  used  signal  bandwidth  permits  the  energy  concentration  in  time  that  is  the  basis  for  such 
of  the  resolution  potential  of  radar.  There  still  remain  problems  such  as  target  fluctuations  or  delays 
not  representative  of  target  range.  Noncoherent  use  of  bandwidth,  be  it  in  the  form  of  single-pulse  or 
pulse-to-pulse  frequency  diversity,  does  not  improve  nominal  resolution.  However,  it  smooths  the  fluctua¬ 
tions  of  clutter,  for  improved  detection  performance,  or  the  variations  in  terget  crosn  sections  or  cross- 
section  distributions.  This  paper  investigates  the  significance  of  coherent  ami  noncoherent  bandwidth  for 
high-perforaanca  radar.  The  utility  of  the  two  methods  of  bandwidth  use  is  considered  for  such  representa¬ 
tive  tasks  as  the  measurement  of  terget  cross  sections  and  high-resolution  range  profiles,  signature  analysis, 
target  detection  in  clutter,  and  resolution  based  on  the  synthetic  aperture  approach.  The  principles  are 
illustrated  by  several  examples  of  the  processing  of  Simula t.cn  target  returns. 

1.  INTRODUCTION 

Target  resolution  In  the  task  of  recognizing  the  target  of  interest  in  the  presence  oi  other  reflect¬ 
ing  objects.  These  objects  may  be  other  targets,  or  such  undesirable  scatt«—ers  as  rain  drops  or  the  earth 
background.  Although  the  problem  then  is  commonly  designated  as  target  detection  in  clutter,  it  is  basically 
a  resolution  problem.  In  applications  concerned  with  radar  imagery,  the  interfering  objects  may  be  ether 
scattering  centers  on  the  same  target,  which  fact  may  make  it  difficult  to  measure  the  true  cross-section 
distribution  in  range  or  some  other  coordinate. 

In  the  early  development  of  pulse  radar,  the  parameter  that  defined  resolution  performance  for  tar¬ 
gets  within  the  same  radar  beam  was  pulse  length.  Modem  radar  resolution  theory  [1,2, 3, 4]  has  shown  that 
range  resolution  is  determined  by  the  signal  bandwidth.  Moreover,  radar  performance  can  be  enhanced  by  also 
utilizing  resolution  on  the  basis  of  Doppler  or  more  general  forms  of  target  motion.  This  has  led  to  the 
use  of  rather  complicated  radar  waveforms,  with  coherent  or  noncoherent  integration  of  many  consecutive 
pulses,  possibly  with  e  change  of  the  carrier  frequency  from  pulse  to  pulse.  An  interesting  question  then 
becomes  exactly  what  the  role  of  signal  bandwidth  is  in  these  high-performance  systems. 

This  paper  investigates  the  significance  of  signal  bandwidth  in,  basically,  matched-filter  or  Corre¬ 
lation  rauar.  It  is  an  examination  of  the  utility  of  bandwidth,  both  in  coherent  and  noncoherent  form,  for 
the  typical  tasks  of  modem  radar  systems.  After  a  discussion  of  the  various  methods  of  utilizing  the 
available  frequency  band,  we  consider  such  problems  as  the  detection  of  moving  or  fluctuating  targets  with 
high  and  low  resolution  systems,  high-resolutlon  approaches  to  target  identification,  target  detection  in 
clutter,  and  synthetic  aperture  radar.  The  purpose  is  to  examine  the  manner  in  which  bandwidth  enters  Into 
tJie  performance  of  these  systems. 

2.  FORMS  OF  BANDWIDTH  USE  AND  TERMINOLOGY 

In  the  simplest  system,  the  receiver  processes  coherently  a  single  pulse  at  a  time  by  passing  the 
signal  through  e  matched  filter  or  e  correlator.  The  process  effectively  subdivides  the  target  space  into 
range  bins  whose  width  AR  depends  on  the  pulse  bandwidth  B  as 


AR  ■  c/23 


(1) 


where  c  is  the  speed  of  light.  Ideally,  only  targets  within  the  same  range  bin  can  interfere  with  each 
other,  and  by  Increasing  the  pulse  bandwidth  to  where  the  range  bln  is  so  narrow  that  it  contains  only  the 
target  of  interest,  we  obtain  perfect  resolution.  The  radar  is  said  to  sake  coherent  use  of  the  pulse  band¬ 
width. 


A  closer  examination  of  the  situation  shews  that  mutual  interference  will  occur  between  separate 
range  nine,  inlets  the  pulse  spectrimi  is  tapered  reward  the  edges  so  that  it  is  roughly  bell-shaped.  How¬ 
ever,  the  tails  of  the  spectrur.,  sicca  they  contain  little  energy,  do  not  significantly  contribute  to  range 
resolution.  A  given  available  frequency  hand  thus  can  be  utilized  either  for  obtaining  a  narrow  range  bin 
or  for  eliminating  the  interference  between  different,  range  bins,  depending  on  the  practical  requirements. 

Suppose,  new,  that  the  single-pulse  signal-to-interference  ratio  is  Inadequate  even  though  the  pulse 
bandwidth  was  chosen  at  the  largest  allowable  value.  In  order  to  enhance  the  slgual-to-interference  ratio, 
we  then  must  Integrate  many  poizes.  However,  an  integration  gain  is  obtsined  only  if  the  Interference  is 
dscorrelated  from  one  pulse  to  the  next,  as  would  be  the  case  If  the  s ranter ers  contributing  to  the  inter¬ 
ference  have  sufficient  differential  motion  with  respect  to  the  radar.  In  the  absen  e  of  such  notion,  or  if 
it  is  not  strong  enough,  the  interference  must  be  artificially  decorrelated  by  changing  the  carrier  frequency 
from  pulse  to  pulse.  The  process  is  referred  to  as  pulse-to-pulse  frequency  diversity. 

There  is  the  option  of  integrating  the  pulses  coherently  or  noncoherently,  the  latter  referring  to 
Integration  after  envelope  detection.  A  radar  with  coherent  pulse  integration  may  be  said  to  use  coherent 
frequency  diversity,  as  opposed  to  noncoherent  frequency  diversity  when  pulse  integration  is  noncoherent. 

In  the  coherent  system,  the  zignal-to- interference  ratio  is  enhanced  by  a  factor  N  froa  the  single-pulse 
value,  where  N  is  the  number  of  pulses  integrated.  Also,  the  range  bin  width  decreases  ir.  iuverse  proportion 
to  the  bandwidth  widening  due  to  frequency  diversity,  and  the  long  coherent  integration  rime  means  an  im¬ 
proved  Doppler  resolution  capability.  Vith  noncoherent  frequency  diversity,  there  is  only  an  enhancement  in 
the  aignal-to- interference  ratio,  but  no  change  in  range  ot  Doppler  resolution  from  the  aingle-pulse  case. 
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usly  in  the  fora  of  /*  ssl'^le  pulse.  This  means  that  we  have 
rent’.v  ana  obcaie  c  raslge  bin  in  accordance  with  the  entire 
pulse  bandwidth,  ^r  to  subdivide  ths  pulse  bandwidth  into  Ji  segments,  prtiess  each  sogoen'  coherently,  but 
combine  'he  outputs  noncohciuatiy .  With  cuts  t\pe  of  single-pulse  frequency  diversity,  thu  rapge  bin  width 
is  N  tines  as  large  as  tor  coherent  use  of  the  entire  pulse  bandwidth.  Single-pulsa  frequency  diversity  is 
vf  inteiest  primarily  when  the  bandwidth  needed  in  order  to  obtain  ar.  adequate  signal-to-interierence  ratio 
is  so  large  that  the  target  is  broken  up  into  Its  Irdivio.ai  scattering  centers  with  coherent  uae  of  the 
entire  pulse  bandwidth,  and  if  this  is  undesirable  from  the  point  of  vies'  of  target  detectability. 
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An  important  question  is  hov  large  a  frequency  step  is  reeded  it;  order  to  Uecortelate  the  interfer¬ 
ence.  It  follows  ircia  matched-filter  theory  <4]  that  decorrelation  between  returns  from  searterers  sepa¬ 
rated  hy  some  rarge  interval  £r  occurs  if  the  phase  between  the  two  returns  is  changed  by  at  least  1T.  How, 
the  re.ation  between  phase  shift  0  between  the  two  returns  and  the  range  separation  hr  of  the  scatterers  is 

0  -  Ar(2n/X)  -  Ar(2c/c)fe  (2) 

where  X  is  the  wavelength  and  fo  is  the  carrier  frequency.  With  a  carrier  change  of  £fQ,  we  have 

0  +  <10  =  &r(2/!/c)(fo  +  ifo)  (3) 


and  with  A0  »  it,  we  find  a  required  carrier  shift  of 


Af  «  c/2Ar 
o 


14) 


This  shows  that  the  required  frequency  shift  decreases  with  increasing  range  separatlor  of  the 
scatterers.  The  cost  demanding  requirement  thus  is  due  to  the  scattering  objects  within  the  same  range  bln 
that  contains  the  target.  The  minimum  frequency  step  Af0  hence  is  found  by  substituting  for  Ar  is  Eo.  (4) 
the  range  separation  corresponding  to  the  range  bin  width  AR.  By  comparing  Eq.  C4)  with  Eq.  (1),  wc  then 
see  that  the  frequency  step  oust  be  at  least  in  the  order  of  the  pul3C  bandwidth.  In  practical  terms,  fre¬ 
quency  diversity  requires  frequency  steps  sufficiently  large  to  avoid  significant  overlap  of  the  individual 
pulse  spectra.  With  K-fold  frequency  diversity  end  the  most  conservative  use  of  the  frequency  band,  the 
system  bandwidth  equals  H  times  the  single-pulse  bandwidth.  It  follows  from  the  fact  that  the  naxic'tr*  inte¬ 
gration  gsln  equals  K  that  the  detection  performance  in  the  interference  Improves  proportionally  with  system 
bandwidth  if  the  processing  is  fully  coherent,  an<*  somewhat  less  than  proportionally  If  the  system  bandwidth 
Is  utilized  in  part  noncoherently.  It  is  Immaterial  whether  the  bandwidth  is  concentrated  within  a  single 
pulse  or  spread  over  nnny  pulses. 


it 


3.  FLUCTUATING  TARGETS  AND  RANGE  PROFILES 


We  consider  a  system  in  which  th,;  range  bin  is  large  compared  with  the  Target  dimensions.  A  target 
whose  dimensions  also  are  snail  compared  with  one  wavelength  would  have  a  cross  section  that  is  Independent 
of  the  aspect  angle  and,  assuming  that  the  reflective  properties  of  the  target  materitl  are  not  strongly 
frequency  dependent,  also  does  not  change  with  the  carrier  frequency.  Actually,  even  with  the  often  prac¬ 
tical  assumption  that  the  target  can  be  modeled  as  a  fixed  set  of  scattering  centers,  the  apparent  cross 
section  will  be  strongly  frequency  and  aspect  dependent,  fa  detection  calculations,  the  assumption  of  a 
"fluctuating’*  target  then  is  necessary. 

The  reason  for  the  cross-section  fluctuations  is  that  the  returns  from  the  individual  scattering 
centers  of  a  target  superpose  with  relative  phases  which  depend  on  aspect  angle  as  well  as  wavelength.  Let 
us  assume  s  target  consisting  of  »  scattering  centers  returning  signals  with  amplitudes  as  and  delays  tn. 
if  the  range  bin  ir  large  compared  with  the  target  dimensions,  we  might  as  well  consider  the  target  response 
to  the  cw  signal  exp(j2sfQt) .  which  is  given  as 


0(t)  -  £  a  e 


n"l 


E  V 

n»l 


(5) 


The  target  cross  section  is  proportional  to  the  square  of  the  signal  magnitude 


N  -j2rrf  t 

Imo!  -  l«o|  -  E  v  on 


n«l 


(6) 


Evan  for  r  fixed  carrier  frequency,  the  signal  magnitude  changes  with  aspect  angle  since  the  relative  time 
delays  t^  of  the  component*  vsiy. 

The  frequency  dependence  of  the. return  of  Eq.  (6)  can  be  utilized  to  obtain,  for  fixed  aspect  angle, 
the  average  target  cross  section.  This  is  to  say  that  noncoherent  frso.uency  divarsity  will  smooth  out  the 
cross-section  fluctuations.  As  long  as  the  target  presents  the  same  aspect,  the  timing  of  the  measurements 
on  different  carrier  frequencies  is  lanaterlal,  and  other  considerations  govern  the  choice  of  singl*'- pulse 


10-3 


jr  pulse-co-pulse  frequency  diversity.  The  interesting  questions  are  now  large  the  frequency  step  must 
be  tc  yield  on  independent  sample,  and  over  what  hand  the  earlier  frequency  must  be  varied. 

The  answers  can  be  found  simply  by  considering  the  supernukf  of  the  sine  leaves  returned  ires 
the  N  scattering  centers.  It  follows  froa  the  q  phase  shift  criterion  used  earlier  that  saaple  independence, 
cr  n  decorrelated  measurement ,  is  ensured  if  the  frequency  Change  produces  a  phase  shift  of  at  least  it  be¬ 
tween  the  returns  from  the  (significant)  closest  and  farthest  scattering  center.  Hence,  if  the  range  spread 
of  the  significant  scattering  centers  is  ARp,  the  requited  frequency  shift  is  given  by  Eq.  (4)  when  ARy  is 
written  Instead  of  Ar.  From  Eq.  (1),  it  then  is  clear  that  the  frequency  step  must  at  least  equal  the  band¬ 
width  needed  to  obtain,  with  coherent  processing,  a  range  bin  equal  to  the  target  range  spread  ARy 

To  determine  the  overall  frequency  band,  we  oust  distinguish  between  targets  consenting  >:t  so  many 
scattering  centers  of  comparable  strength  that  they  must  be  considered  statistical  in  nature,  and  these 
where  a  few  strong  scattering  centers  predominate-  In  the  iirst  case,  the  number  of  aeasureroentr >  and  hence 
the  required  frequency  band,  depends  on  the  desired  measurement  accuracy.  Our  interest  here  is  vlrn  the 
second  type  of  target.  Proper  averaging  of  t>e  -rsss  section  simply  ’■eeuires  that  a  phase  shift  of  i.  must 
be  Introduced  even  between  the  returns  from  the  no  it  closely  spaetd  significant  scattering  centers.  How eve i , 
this  means  that  the  noncoherent  frequency  diversity  must  extend  over  a  frequency  band  that,  when  usea  co¬ 
herently,  would  allow  resolution  of  the  individua1  scattering  centers.  Whether  processing  is  noncoherent 
for  cro3S-section  smoothing,  or  coherent  for  the  measurement  of  the  cross-section  distribution  its  range,  the 
so-called  range  profile,  the  required  bandwidth  is  the  same. 

The  same  conclusions  can  be  reached  froa  the  point  of  vies*  of  the  target  transfer  function,  fieri*  the 
target  is  taken  as  equivalent  to  a  filter  that  modifies  the  radar  signal  it.  some  chaiacteristic  manner.  The 
transfer  function  of  this  filter  is  obtained  by  measuring  amplitude  and  pliat*  of  toe  return  fljnsl  as  a  func¬ 
tion  of  frequency  and,  for  our  purposes,  provides  a  complete  description  of  ;he  reflective  proserties  of  the 
target.  Since  the  transfer  function  is  the  Fourier  transfer*  of  the  impulse  response,  we  are  dealing  for 
the  assumed  target  model  with  the  transform  of  a  set  of  lines,  giving  a  sus  ot  cosine  waves  with  different 
amplitudes  and  " frequencies." 

In  the  above  picture,  the  most  closely  spaced  scattering  centers  will  produce  the  highest  and  the 
most  widely  separated  scattering  centers  will  give  the  lowest  "beat  frequency."  Cross-section  averaging  re¬ 
quires  that  the  frequency  band  extend  ever  at  least  one  half-period  of  the  lowest  beat  frequency.  Thus  the 
required  frequency  band  again  is  determined  by  the  closest  spacing  of  significant  scattering  centers. 

The  preceding  conclusions  are  verified  by  Fig.  1.  It  is  a  plot  of  the  return  of  Eq.  (6)  as  a  function 
of  the  carrier  frequency  for  a  target  for  which  the  closest  spacing  of  scattering  centers  was  taken  as  one 
time  unit  (of  round-trip  .clay)  and  the  total  target  spread  was  20  time  units.  The  smooth  curve  in  F*g.  1 
gives  the  average  over  the  oscillating  curve  over  the  Interval  from  the  origin  tc  the  particular  point  on 
the  abscissa.  It  is  seen  that  a  good  measurement  of  the  average  cross  section  is  obtained  when  the  carrier 
frequency  is  varied  over  a  band  of  unit  width,  which  In  irA-!  the  inverse  of  the  assumed  closest  time  sepa¬ 
ration  of  the  individual  returns.  Over  this  frequency  bsad,  the  oscillating  curve  shows  20  half-cycles, 
corresponding  to  the  rati"  of  target  range  spread  and  minimum  spacing  of  the  scattering  centers. 

Although  the  discussion  was  given  in  terms  of  the  cross  section  of  the  entire  target,  it  car.  evi¬ 
dently  also  be  applied  to  a  high-resolution  radar  measuring  the  range  profile  of  the  target  and  the  fluctu¬ 
ations  of  the  individual  peaks  of  the  range  profile.  Suppose  :hat  the  coherently  processed  bandwidth  is 
high  enough  to  provide  a  detailed  range  p.t  ile,  but  not  so  high  that  all  scattering  centers  of  the  target 
are  resolved.  A  given  peak  in  the  range  profile  then  nay  be  due  to  the  returns  from  several  adjacent 
scattering  centers,  and  alight  changes  in  the  aspect  angle  will  produce  changes  In  the  shape  of  the  range 
profile  in  the  same  manner  as  they  cause  cross-section  fluctuations  in  a  low-resolution  radar.  In  order 
to  obtain  an  average,  or  smoothed,  range  profile,  noncoherent  frequency  shifting  must  extend  over  the  same 
frequency  band  that,  if  processed  coherently,  would  resolve  the  individual  scattering  centers  contributing 
to  a  given  peak  in  the  range  profile. 

4.  HIGH-RESOLUTION  TARGE?  SIGNATURES 

The  primary  utility  of  high-detail  range  profiles  is  for  target  classification  and  identification. 
However,  aside  from  the  difficulty  of  relating  measured  target  cross-section  distributions  to  the  physical 
features  of  the  target,  several  problems  are  associated  with  thio  particular  approacn  to  identification. 
First,  if  the  available  coherent  bandwidth  is  insufficient  to  allow  resolution  of  neighboring  scattering 
centers,  the  shape  of  the  range  profile  will  very  fro*,  one  measurement  to  the  next,  as  discussed  earlier. 
Second,  since  radar  actually  measures  delay  rather  than  range,  creeping  waves  and  artificially  delayed 
returns  will  appear  to  originate  from  a  different  point  in  range  and  falsify  the  range  profile.  Third, 
internal  target  motion  such  as  tumbling  may  interact  with  the  measurement  of  the  range  profile  and  addi¬ 
tional  resolution  on  the  basis  of  Doppler.  In  this  section,  we  consider  these  questions  in  more  detail. 

For  purposes  of  illustration,  we  assume  a  target  model  consisting  of  a  number  of  point  scattering 
centers  spread  over  some  range  interval  but  with  negligible  spread  in  azimuth  and  elevation.  The  target 
is  to  perform  a  tumbling  motion  about  its  tip.  The  relation  between  the  tumbling  rate  and  the  duration  of 
the  radar  pulse  is  to  be  such  that  the  change  in  the  target  aspect  is  noticeable  froa  one  pulse  to  the 
next  but  not  during  c  single  pulse. 

In  Fig.  2,  we  have  plotted  a  succession  of  range  profiles  for  this  type  of  target.  It  is  seen  that 
the  range  profile  changes  with  tlite,  that  is,  as  the  target  presents  different  aspects.  Those  peaks  of 
the  range  profile  that  do  not  change  are  caused  by  single  predominant  scattering  renters.  Where  several 
scattering  centers  contribute  to  a  composite  lobe  of  the  range  profile,  the  aspect  variation  causes  typical 
fluctuations.  The  sequence  of  range  profiles  thus  permits  us  to  analyze  the  nature  of  the  lobes  that  con¬ 
stitute  the  range  profile. 

The  consecutive  recording  of  the  range  profiles  is  a  farm  of  Doppler  or,  more  generally,  motion 
resolution.  When  motion  resolution  is  on  the  basis  of  the  carder,  the  requirement  for  two  scattering 
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renters  f.o  be  resolved  Is  that  their  relative  range  to  the  radar  Change  by  at  least  X/2  over  the  coherent 
■jIru.tI  duration  f4j.  Whcr  consecutive  rants  profile;  aw  » -curded ,  the  losbioci  ssplitude  f'iua  the  return* 
associated  with  the  two  statcering  centers  thus  will  go  through  one  full  fluctuation  cycle,  which  will  be 
observable  In  the  record.  The  tact  that  a  complete  Doppler  capability  la  realised  without  coherence  from 
pulse  to  pulse  may  appear  pueziing.  however,  since  the  amplitude  of  the  combined  rerun:  depends  on  the 
relative  phase  ot  ore  component  with  respect  tc  the  second,  one  s-attaring  center  essentially  acts  «s  a 
reference  over  all  consecutive  pulses*  This  is  adequate  when  the  number  of  interfering  scattering  centers 
is  sjmI’  ,  as  is  of  interest  here. 

The  plot  of  ffg.  2  corresponds  to  the  situation  where  the  change  in  the  target  aspect  is  so  small, 
or  range  resolution  so  crude,  that  no  wcrchwhile  capability  In  obtained  of  measuring  the  tumbling  motion 
through  a  sequence  of  range  srcsfureKents  on  the  individual  scattering  centers.  In  other  words,  the  grosa 
structure  of  the  range  profile  remains  the  sane  for  ell  curves  of  Pig,  2,  and  only  the  deformation*  cf 
some  of  the  lobes  of  the  range  profile  indicate  the  changing  aspect.  The  case  ef  Increased  range  resolution 
can  be  Illustrated  simply  by  continuing  the  recording  of  consecutive  range  profiles  for  a  longer  period. 

In  fig.  3,  we  extend  the  record  of  fig.  2  over  ten  times  as  large  an  interval,  except  that  the  time 
between  two  range  profiles  now  is  increased  co  keep  the  number  of  measurements  the  same.  The  timblicg  motion 
of  the  target  is  evident  from  the  figure.  The  range  profile  is  being  compressed  as  the  Aspect  angle  changes 
morn  touard  broadside.  However,  while  the  lob ns  of  the  range  profile  generally  converge  toward  the  sane 
poi.it  as  we  move  toward  the  tep  of  Fig.  3,  this  is  not  the  case  for  the  last  lobe.  It  follows  along  a  curve 
corresponding  to  a  return  from  a  point  much  closer  to  the  tip  of  the  target.  This  means  that  the  last  re¬ 
turn  includes  some  constant  time  delay,  either  because  it  is  a  creeping  wave  or  because  retransmission  occurs 
with  soon  delay. 

The  implications  of  ouch  measurements  on  target  analysis  cannot  ba  discussed  here  in  any  detail.  It 
is  clear  that  the  coherent  ute  of  large  banduidths  is  the  key  to  signature  analysis  in  that  It  restricts  the 
number  of  iotetferirg  scattering  centeru  to  those  within  the  same  range  bin  and,  moreover,  allow*  range 
tracking  of  the  scattering  centers  in  accordance  with  the  particular  target  motion. 

It  will  not  always  be  possible  iii  practice  tc  observe  a  target  over  a  sufficient  spread  of  aspect 
angle.  The  variations  In  tha  aspect  angle  may  he  ao  email  that  the  cross-section  fluctuations  they  cause 
cannot  be  utilized  for  target  analysis.  Instead,  we  may  want  to  average  over  t’uese  fluctuations  by  naans  of 
noncoherent  frequency  diversity  and  obtain  a  smoothed  range  profile.  This  was  discussed  earlier.  Aa  en 
illustration  of  the  method,  we  show  in  Fig.  4  such  averaging  for  the  same  target  as  used  for  Fig.  3.  The 
bottom  curve  gives  the  range  profile  for  one  particular  value  of  the  carrier  frequency,  for  which  the  first 
lobe  of  the  range  profile  appears  due  to  a  single  scattering  canter.  The  second  curve  la  the  average  over 
the  first  range  profile  and  another  one  taken  at  a  different  frequency.  Ihe  third  curve  is  the  average  over 
three  measurements  on  three  different  carrier  frequencies,  and  so  forth,  with  the  re*  curve  giving  the 
evetage  over  8  range  profiles. 

The  figure  Illustrates  two  points.  First,  the  averaging  introduces  features  that  were  not  visible 
in  the  bottom  curve,  such  as  the  break  in  tha  first  lobe  on  the  left.  Second,  there  la  an  asymptotic  ap¬ 
proach  to  a  smoothed  rang?  profile  aa  the  number  of  measurements  on  decorrelated  frequencies  i»  increased. 

In  the  case  shown,  the  smoothed  range  profile  is  approached  rather  rapidly  because  the  number  of  interfering 
scattering  centers  la  small.  In  Fig.  4a,  we  repeat  the  plot  of  Fig.  4,  except  that  the  initial  carrier  fre¬ 
quency  (for  the  bottom  curve)  was  different.  Comparison  of  the  bottom  curves  for  the  two  figures  shows  tha 
pronounced  differences  for  those  parts  of  the  range  profiles  whara  several  scattering  centers  Interfere. 
These  differences  represent  the  fluctuation*  In  the  range  profile  from  one  frequency  to  the  next.  Again, 
however,  the  smoothed  range  profile  la  approached  rapidly  for  the  case  of  Fig.  4a,  and  with  only  a  few 
measurements  the  differences  between  Figs.  4  and  ia  become  Insignificant. 

5.  TAJUJET  DETECTION  IN  CLUTTER 

Detection  of  e  target  in  a  clutter  background  la  a  special  form  of  the  resolution  problem.  The  des¬ 
ignation  clutter  implies  that  the  interfering  acatterera  arc  of  no  Interest,  and  also  that  they  are  so  d»ae 
that  their  resolution  would  he  leprae t leal.  For  the  following  discussion,  the  coherently  processed  signal 
la  first  assumed  ao  abort  that  no  Doppler  resolution  can  be  utilized. 

In  order  to  obtain  an  adequate  signal- to- due  ter  ratio,  two  requirements  must  ba  mat.  First,  the 
clutter  originating  within  the  same  range  bin  aa  tha  target  must  ba  small,  which  means  a  coherent  pulse 
bandwidth  as  determined  by  the  allowable  range  bln  width.  This  la  signal  bandwidth  In  the  sense  that  every 
part  of  the  frequency  band  contains  high  signal  energy.  Second,  clutter  interference  contributed  from  range 
bins  other  than  the  on*  containing  the  target  must  b*  suppressed.  This  la  accospliehed  by  further  widening 
of  the  signal  bandwidth,  hut  with  relatively  little  energy  in  the  added  bandwidth.  We  refer  to  the  fact 
that  tha  frequency  spectrum  must  be  smoothly  tapered  toward  the  edges.  In  either  case,  it  Is  sesn  that 
clutter  performance  improves  with  increasing  coherent  bandwidth.  Onex  the  mutual  interference  between  dif¬ 
ferent  range  bine  has  been  eliminated,  the  signal-to-clutter  ratio  la  proportional  to  the  signal  bandwidth. 

Suppose  that  the  available  puiaa  bandwidth  la  limited  to  a  value  for  which  tha  range  bln  is  larger 
than  the  target  spread  in  range.  A  further  enhancement  of  the  slgnal-to-clutter  ratio  then  requires  puloe 
Integration.  However,  with  the  assumption  that  the  total  Integration  tlmx  la  too  shore  to  achieve  a  worth¬ 
while  Doppler  capability,  puls e-to- pulse  frequency  diversity  must  he  used  to  decorrelate  the  clutter.  As 
was  shown  earlier,  the  mlnlsnas  frequency  step  equals  tha  pulse  bandwidth.  Since  the  coherent  integration 
gain  equals  the  number  of  integrated  pulses,  and  hence  tha  number  of  frequency  steps,  clutter  performance 
la  proport tons 1  to  cuhsrent  bandwidth  even  If  it  la  spread  over  many  pulse  a. 

?uJsv~to-pul*»  coherent  frequency  diversity  la  difficult  to  imp  lament.  Furthermore,  the  total  in¬ 
tegration  time  often  becomes  ao  large  that  the  radar  la  aanaltiv*  to  Doppler,  which  is  mo*  cases  n*y  ha 
undesirable.  Thus  It  may  be  preferable  to  employ  noncoherent,  rather  than  coherent,  frequency  diversity. 

Aa  far  aa  signal  detection  in  tha  clutter  is  concerned,  tha  only  difference  than  la  the  sculler  gain  from 
integrating  N  pulses  noncoherantly. 
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Another  Halt  on  the  coherent  bandwidth  it  the  target  breakup  that  occurs  if  the  range  bi>'.  1*  made 
smaller  than  the  target  spread.  Since  the  cross  section  of  the  individual  scattering  centers  will  be 
saaller  than  the  ccsbiscd  cross  tscMr-n  of  tha  target  as  a  single  unit,  the  breakup  will  he  undesirable  if 
the  pr oh less  Is  target  detection  rather  than  signatut*  analysis.  Ve  nay  elect  to  use  a  large  coherent  band¬ 
width,  causing  the  target  to  spread  over  K  range  bins,  but  then  noncoherently  superpose,  the  returns  from 
K  consecutive  range  bins.  If  the  target  cross  sercion  is  unifomly  distributed  in  range,  the  signal-to- 
clutter  ratio  per  range  bin  is  independent  of  K,  so  that  the  approach  leads  to  a  target  detectability  in- 
proved  by  a  factor  equal  to  the  gain  from  integrating  noncoherently  K  pulses.  The  u3e  of  noncoherent 
bandwidth  thus  has  resulted  in  further  clutter  smoothing.  The  process  is  entirely  equivalent,  to  noncoherent 
pulse-co-pulse  frequency  diversity,  and  it  was  shown  earlier  that  it  does  not  natter  whether  the  frequency 
band  is  spread  over  several  puisss  or  is  concentrated  within  a  single  pulse.  It  natters  only  whether  It  is 
uaed  coherently  or  noncoherently.  The  number  of  effective  integrations  that  determine  the  noncoherent  gain 
equals  the  nuaber  of  Integrated  pulses  times  the  factor  K  by  which  the  pulse  bandwidth  is  subdivided  late 
noncoherently  combined  parts. 

It  is  worthwhile  to  note  that  the  conclusions  apply  also  if  range  ambiguities  are  included  in  the 
considerations.  If  one  attempts  to  Increase  the  integration  gain  by  raising  the  pulse  repetition  rate  be¬ 
yond  the  unambiguous  value,  the  added  Integration  gain  is  offset  by  the  clutter  contributions  through  the 
range  ambiguities.  Suppression  of  this  clutter  requires  that  the  ambiguities  be  “resolved"  by  pulse- to-pulse 
frequency  shifting,  which  is  the  same  as  frequency  diversity. 

We  now  consider  the  case  where  Doppler  effects  are  significant.  If  the  target  has  a  relative  Doppler 
shift  with  respect  to  the  clutter,  the  problem  of  clutter  suppression  is  one  of  achieving  adequate  Doppler 
resolution,  with  signal  bandwidth  being  of  secondary  concern.  If  the  Doppler  spread  of  the  clutter  encom- 
paasas  the  target  Dapples-  Doppler  resolution  siaplv  become*  an  additional  means  of  clutter  suppression. 

The  Doppler  spread  Av  of  the  clutter  defines  the  clutter  correlation  time  as  Tc  ■  l/Av,  and  if  the  pulse 
repetition  period  le  made  no  saaller  than  T?,  an  integration  gain  is  obtained  without  the  use  of  frequency 
diversity.  In  other  words,  Doppler  resolution  takes  the  place  of  frequency  diversity  and  conserves  system 
bandwidth.  However,  ihst  clutter  performance  stili  can  he  improved  by  decreasing  the  repetition  period  be¬ 
low  Tc  and  using  frequency  diversity  for  clutter  decorrelation.  The  situation  is  the  acne  as  discussed 
above,  except  that  tht  initial  detection  performance  before  the  incorporation  of  frequency  diversity  is  im¬ 
proved  through  Doppler  resolution. 

6.  MAH-S1'AX?EKIHG  RADAR 

The  system  to  be  discussed  first  is  the  conventional  terrain-mapping  radar,  where  the  beam  is  oriented 
at  a  right  angle  to  the  flight  vector  and  the  FRF  is  chosen  eo  as  to  prevent  range  ambiguities.  With  respect 
to  the  problem  of  detecting  a  particular  target  on  the  ground,  the  task  is  one  of  achieving  adequate  signal- 
to-elutter  ratio,  as  discussed  ir*  the  preceliag  section.  A  large  pulse  bandwidth  serves  to  subdivide  the 
ground  rarth  into  narrow  ground-range  bins,  limiting  the  clutter  space  within  which  the  target  must  be  seen. 
Further  clutter  suppression  is  obtained  through  coherent  pulse  integration. 

The  agreement  with  eerlinr  discussions  can  be  verified  by  calculating  the  PRF  from  the  requirement  of 
pulse-to-pulae  decorrelation  of  the  clutter.  Since  the  clutter  is  due  to  the  terrain,  the  Doppler  spread  of 
the  clutter  equals  the  verlation  of  the  Doppler  over  the  azimuth  beanwidth  9az.  If  the  platform  flies  with 
velocity  v,  the  range  rata  at  the  edge  of  the  beam  is  given  as  R  ■  v  sin  e.z/2  Z  v8fiz/2  for  mall  baedwidths. 
With  the  boamwldth  in  terms  of  the  real  antenna  length  I.  given  as  6az  -  X/L,  the  Doppler  spread  can  be  found 
at 

Av  »  2(2R)/X  -  2v/L  (7) 

The  clutter  correlation  time  then  Is 

t  *  1/Av  -  l/2v  (8) 

c 


Since  the  lateral  beamw'dth  at  range  R  is  9arR  ■■  Xs/t,  the  time  it  takes  the  target  to  traverse  the  beam, 
or  the  total  integration  tire,  la 

T  -  XR/vL  (91 

From  Eqs.  (7)  and  (8),  the  number  of  integrated  pulses  becomes 

R  -  T/T  -  (XR/L)/(L/2)  (10) 

c 

Since  t/2  is  the  azimuth  resolution  of  the  synthetic  beam,  the  last  result  shows  that  the  number  of 
pulses  integrated,  and  hence  the  integration  gcln,  equals  the  beam  compression  ratio.  The  signal-to-clutter 
ratio  thus  is  given  by  the  value  in  the  absence  of  pulse  integration  (as  determined  by  the  pulse  bandwidth) 
tinea  the  gain  from  coherent  integration.  A  further  increase  of  the  FRF  above  the  unambiguous  value  re¬ 
quires  the  use  of  frequency  diversity,  either  coherent  cr  noncohwent.  In  the  first  case,  the  enhancement 
of  toe  signal-to-clutter  ratic  is  proportional  to  the  bandwidth  Increase  through  diversity,  whereas  with 
noncoherent  divarsity  the  gain  la  saaller. 

The  differences  between  coherent  and  noncoherent  pulse  integration  are  rote  important  when  the  radar 
la  to  obtain  a  map  c£  the  terrain.  Whereas  it  1&  immaterial  where  the  interference  originates  when  the 
problem  is  target  detection,  it  ie  not  so  with  terrain  napping.  With  coherent  pulse  integration,  the  In¬ 
terference  is  reduced  by  the  formation  of  a  range- Doppler  resolution  cell,  which  with  the  system  geometry 
under  consideration  translates  into  a  range-aalmuth  cell.  This  fact  permits  the  napping  of  the  cross-section 


10-6 


distribution  in  range  and  asiouth.  With  noncoherent  integration,  azimuth  resolution  is  that  of  the  real 
beast,  and  the  enhancement  of  target  detectability  is  through  smoothing  of  the  Interference,  but  one  that 
coses  iron  an  area  corresponding  to  the  azimuth  width  of  the  real  beam  and  the  range  resolution  cell. 

As  a  last  system,  we  consider  synthetic  aperture  radar  In  the  "inverse”  mode,  where  a  stationary 
ground  radar  observes  a  target  as  it  passes  through  the  beam.  If  a  target  can  be  modeled  as  a  set  of  fixed 
scattering  centers,  the  operation  is  analogous  to  the  ground  mapping  radar,  and  beam  compression  occurs 
along  the  target  track.  However,  the  system  is  of  particular  interest  for  the  smooth,  man-made  objects  for 
which  the  apparent  scattering  centers  often  shift  with  a  change  in  the  aspect. 

The  problem  can  be  illustrated  on  the  basis  of  a  perfect  conducting  sphere.  Since  it  does  not  matter 
whether  the  radar  is  assumed  stationary  and  the  target  moving,  or  vice  versa,  we  can  represent  the  situation 
sb  in  Fig.  3.  The  sphere  is  stationary  and  the  radar  is  moving  along  a  Stralgnt  line,  with  measurements 
taken  at  times  t2,  t2,  ...»  tn.  As  seen  from,  the  figure,  the  scattering  center  shifts  along  the  surface  of 
the  sphere,  and  the  measured  range  change  does  not  correspond  to  the  motion  of  the  object  as  a  whole. 

In  the  case  undor  consideration,  synthetic  aperture  processing  must  be  adapted  to  take  into  account 
the  shifting  of  the  scattering  center.  One  of  the  difficulties  of  so  doing  is  to  devise  a  processor  that  can 
zconneically  determine  which  of  the  possible  motions  flics  the  observed  signal  sequence  best.  This  practical 
question  will  be  ignored  here.  We  arc  interested  in  the  theoi  -  'leal  limitations  of  the  method. 

Resolution  performance  for  a  more  general  (nonconstant  range  rate)  motion  of  the  scattering  center 
can  be  analyzed  by  means  of  the  trajectory  diagram  for  the  reflecting  point  [4].  Since  the  only  motion- 
related  quantity  that  can  be  measured  is  t'te  reflector  range  as  a  function  of  time,  we  draw  the  suitably 
scaled  range  x(t)  us  a  function  of  time,  a n  indicated  by  the  solid  curve  in  Ftg<  6.  We  refer  to  this  curve 
ss  the  reflector  trajectory  in  the  range-t  fae  plane.  The  radar  signal  now  may  be  represented  by  photons 
emitted  at  each  zero  crossing  of  the  rf  signal,  o-  at  a  multiple  thereof.  The  photons  move  on  trajectories 
that  are  straight  lines,  reversing  the  direction  upon  reflection.  The  timing  of  the  photons  arriving  at 
the  receiver  represents  the  law  for  the  zero  crossings  of  the  received  signal.  Thus  they  indicate  the  phase 
"modulation"  Imposed  cm  the  radar  waveform  by  the  target  motion. 

In  a  matched-filter  or  correlation  receiver,  the  piiase  function  of  the  filter,  or  of  the  reference 
waveform  in-  the  correlator,  must  match  the  spacing  of  the  descending  lines  of  the  grid  in  Fig.  6,  However, 
it  is  clear  that  such  a  receiver  also  will  ba  matched  to  notions  along  the  dashed  curves  in  Fig.  6  since 
a  target  moving  along  one  of  these  curves  also  will  Impose  the  same  phase  modulation  on  the  radar  waveform. 

As  follows  from  the  spherical  geometry  of  the  assumed  target,  the  entire  family  of  possible  trajectories 
(if  tbs  lines  of  the  grid  in  Fig.  6  are  chosen  more  densely)  corresponds  to  the  motion  of  the  reflecting 
point  on  the  surface  of  a  sphere  of  arbitrary  dimeter.  This  includes  the  limiting  case  of  a  point  reflector 
at  the  center  of  the  sphere. 

The  interpretation  of  these  findings  is  that  synthetic  aperture  processing,  although  it  could  deter¬ 
mine  the  fact  that  the  reflecting  center  is  moving  on  the  surface  of  a  sphere,  could  not  measure  the  diameter 
of  the  sphere.  It  takes  high  range  resolution,  and  bence  a  large  coherent  signal  bandwidth,  to  resolve  this 
ambiguity  and  measure  the  diameter  of  the  sphere  to  sn  accuracy  commensurate  with  the  signal  bandwidth. 

A  large  signal  bandwidth  also  is  essential  when  coherent  processing  is  to  be  performed  on  a  target 
with  translational  as  well  ss  rotational  notion.  As  an  example,  we  consider  the  ground-based  radar  with  a 
spinning  target  moving  through  the  beam.  This  time,  the  target  is  to  be  modeled  as  a  set  of  fixed  point 
settterers.  As  shown  in.  Fig.  7,  the  translational  motion  esn  he  accctstodated  by  assuming  the  radar  to  move, 
so  that  a  given  scattering  center  on  the  target  rotates  about  a  fixed  point.  Let  the  distance  from  the  cen¬ 
ter  of  rotation  be  r  and  the  angular  velocity  be  u. 

The  parsneter  that  determines  the  target-imposed  phase  modulation  is  range  a?  a  function  of  time,  and 
from  Fig.  7  we  have 


(R  +  r  sin  i)‘  +  fvt  -  r  cos  0) 
o 


(11) 


where  0  *  f (t)  »  wr.  +  0  ,  and  v  is  the  target  speed.  If  the  beaswldth,  or  observation  angle,  is  modest,  the 
quantity  vt/B©  is  swall°enough  to  allow  the  approximations  sin  x  %  x,  cos  x  %  1.  Expansion  of  the  squares 
ir.  Tq.  (11),  substitution  for  0,  and  use  of  toe  approximations  gives 


R2(t) 


it2  +  t2  +  (vt)2  +  2K  r  sinfwt 
o  o  l 


(12) 


Since  both  vt  and  r  will  be  stall  compared  with  SQ,  we  can  simplify  Eq.  (12)  into 


Rco  -  »0  *  |r +  +  r  *ln(wc  "  1“  +  *o) 


U3) 


Examination  of  this  result  shows  the  following.  There  are  two  t Isa-dependent  terms.  The  first  is 
quadratic  in  t  and  is  due  to  the  translation*}  loti ~  of  the  target.  It  Introduces  a  linear  FM  into  the 
signal  and  allows  beam  compression  along  the  targe*'  track.  There  also  is  a  sinusoidal  variation  in  the 
range,  but  it  depends  on  both  the  rotational  tnd  the  translational  motion.  The  problem  is  to  separate  these 
two  components  in  the  processor. 

The  solution  again  requires  use  of  an  adequate  signal  bandwidth.  A  large  signs  1  bandwidth  permits 
determination  of  to  the  required  accuracy.  This  allows  the  elimination  of  tha  linear  FM  tarn  without  an 


expensive  search  tor  the  correct  rn  a? ope.  In  sedition,  it  permits  the  isolation  of  the  translational  coc~ 
ponent  in  the  sinusoidal  variation  of  range,  so  that  the  component  remaining  is  due  to  the  rotation.  This 
is  even  more  important,  and  amounts  to  more  than  an  equipment  simplication,  when  the  processor  must  resolve 
many  different  scattering  centers  on  the  target.  The  use  or  'nigh  range  icsolotior.  means  that  resolution 
on  the  basis  of  motion  can  be  performed  for  each  range  bin  at  a  time,  eliminating  the  type  of  Interference 
produced  if  the  only  criterion  for  target  resolution  is  poor  correlation.  A  filter  that  is  not  matched  to 
the  received  wave fore.  mAy  not  yield  a  high  output  peak,  but  it  will  pass  all  the  energy  falling  within  its 
passband,  This  means  that  signal  bandwidth  must  be  used  for  background  suppression, 

7.  CONCLUSIONS 

The  preceding  discussions  have  ohovn  the  fund, mental  significance  of  bandwidth  for  all  types  of 
resolution  problems.  Coherent  use  of  signal  bandwidth  restricts  the  number  of  interfering  scatterers  to 
those  within  a  given  range  bin,  although  difficulties  may  appear  when  combined  resolution  in  range  as  well 
as  Doppler  is  attempted.  Noncoherent  bandwidth  use  results  in  the  smoothing  of  fluctuations,  be  it  those 
of  the  target  cross  oectlon,  high-resolution  range  profiles,  or  of  the  clutter  and  interference.  Ir  ha3 
little  significance  on  radar  performance  whether  the  bandwidth  is  provided  within  a  single  pulse  or  spread 
out  over  many  pulses,  in  the  form  of  frequency  diversity. 
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Fig.4a  Sa»e  as  Figure  4,  except  that  the  initial  range  profile  (bottom  curve)  was  talem 

at  a  different  frequency 


Fig. 5  Geosetry  for  synthetic  aperture  resolution  on  a  conducting  sphere 
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SUKWARY 

A  new  substrate  technology  for  microwave  integrated  circuits  ia  described, 
which  allows  a  planar  integration  of  magnetic  system  functions.  The  approach  uses  the 
fact  that  some  substituted  ferrites,  with  Curie  points  sufficiently  below  operating 
temperature  of  the  system,  provide  an  excellent,  low-loss  nonmagnetic  host  substrate 
which  can  be  sintered  together  with  magnetically  active  zones  of  sinilar  but  unsub¬ 
stituted  ferrites.  This  technique  offers  the  advantage  of  reduced  coupling  and  system 
losses  compared  to  the  technique  using  an  all-magnetic  ferrite  substrate,  and  avoids 
the  mechanical  complexity  of  conventional  dielectric  substrates  with  attached  or 
plug-in  ferrite  devices. 

Composite  ferrite  substrates  have  baen  successfully  employed  for  miniaturized 
latching  ferrite  phase  shifters  for  phased  arrays.  The  technique  has  aino  been  used 
in  the  development  of  miniaxure  X-band  radar  front  ends  with  integrated  isolators  and 
circulators  and  for  a  pocket-size  Doppler  radar. 

1 .  INTRODUCTION 

Today's  conventional  microwave  circuitry  and  plumbing  Is  increasingly  being 
superseded  by  integrated  subsystems  in  planar  technology,  using  microstrip  or  micro- 
slot  lines  on  a  dielectric  substrate  combined  with  hybrid  integration  of  active  solid 
state  devices.  The  integrated  system  approach  has  already  been  used  xo  reduce  space, 
weight  and  costa  in  several  radars,  such  as  HERA  [1]  and  other  airborne  systems  as 
well  as  in  various  other  equipment  for  low-power  communication  gear,  ECM  circuits  etc. 

A  typical  subsystem,  such  as  a  radar  front  end  may  include  10-20  passive 
elements  in  the  form  of  oicrcstrip  line  sections  arranged  on  a  single  dielectric 
substrate  of  a  few  square  inches  of  AlvOj,  sapph{re  or  quartz,  and  typically  2-5 
active  elements  for  the  mixer,  locnl  oscillator  o id  the  AEG  circuit.  Since  the  entire 
passive  circuitry  la  fabricated  in  a  photolithographic  process  large  numbers  of  iden¬ 
tical  circuits  may  be  produced  in  an  economical  way  Thus  making  this  technique 
particularly  attractive  for  phased  array  systems  with  large  numbers  of  individually 
fed  radiators,  for  standardized  receiver  front  ends,  or  for  compact  expendable  warning 
radars. 

All  these  systems  in  general  also  require  a  number  of  ferrite  elements,  such  as 
circulators,  isolators  and  phase  shifters  etc.  The  integration  of  such  ferrite  ele¬ 
ments  into  a  conventional  integrated  system  on  alumina  substrate  poses  problems: 

i)  ferrites  cannot  readily  be  combined  with  alumina  substrates.  To  accommodate  circu¬ 
lators  etc.  in  a  complex  integrated  system,  these  dements  either  have  to  be 
attached  as  separate  “subsystems1'  with  additional  plug  connections,  and  thus  some 
of  the  advantages  of  the  integration  technique  are  loBt.  or  altematl*  «Iy,  a  hole 
must  be  provided  in  the  hard  ceramic  substrate  for  the  ferrite  puck  .  In  practice 
small  air  gaps  or  cracks  can.  iiardly  be  avoided  in  this  process,  causing  electrical 
discontinuities  and  mismatches. 

ii)  If  the  whole  system  is  built  up  on  the  ferrite,  one  faces  the  difficulty  that  the 
choice  of  material  properties  cannot  be  simultaneously  optimized  for  the  various 
system  functions.  These  are  precisely  the  same  problems  as  encountered  for  mono¬ 
lithic  microwave  IC's  on  semiconducting  materials  which  ultimately  led  to  the 
development  of  the  hybrid  approach  [2],  Also  additional  losses  occur  due  to  the 
magnetic  loss  tangent,  and  an  undesirable  and  generally  intolerable  temperature 
sensitivity  is  introduced  due  to  the  temperature  dependence  of  magnetic  parameters. 
Moreover,  the  circuit  properties  of  the  passive  elements  may  be  seriously  per¬ 
turbed  by  the  magnetic  flux  extending  from  static  or  switched  fields  applied  to 
adjeceat  ferrite  elements. 

Recent  progress  in  materials  technology  now  offers  a  solution  tc  these  problems 
through  the  successful  development  of  composite  ferrite  substrates,  which  allow  a 
complete  integration  of  most  ferrite  elements  for  nonreciprocal  devices,  switches  and 
steering  functions  etc.  in  integrated  microwave  systems.  For  these  composite  sub- 
atratee “nonmagnetic" ferrites,  i.e.  substituted  ferrites  with  Curie  points  sufficiently 
below  operating  temperature  of  the  system,  are  used  as  a  low-loss  host  substrate  instead 
of  alumina .  These  "nonmagnetic"  ferrites  have  auch  thermal  properties  that  they  can  be 
sintered  together  with  magnetically  active  zones  of  similar,  but  unsubstituted,  or 
less  substituted  ferrite  material  to  form  smooth,  vacuum-tight  composite  substrates 
which  may  be  metallized  and  etched  as  a  unit  to  provide  maximum  reliability  and  re- 
prc.'ucibility  of  the  circuit  [3]. 

Pig.  1  shows  the  application  of  this  integration  technique  to  a  miniaturized 
auxtibit  latching  ferrite  phase  shifter  for  an  X-band  scanning  array  antenna.  The 
upper  left  picture  shows  for  comparison  the  "very  old"  technique  of  a  4-bit  waveguide 
phase  shifter,  the  upper  right  the  miniaturized  Integrated  microstrip  version  of  the 
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some  device  with  "plug-in"  ferrite  pucks  in  an  AloO-j  substrate.  The  email  holea  in  the 
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i oi  l «.  lo  puuxo  aio  wu  uaho  up  w.io  luuiuuuai  auuioop  wnoo.  noio  uuuDxuoiav^o  u Allium." 

ties  ere  encountered  in  the  transit} on  from  the  host  substrate  to  the  ferrite  pucka: 
if  the  pucks  are  inserted  before  metal  deposition  some  metal  is  likely  to  the  deposited 
in  erackc  and  gaps.  If  the  pucks  are  separately  prepared  and  inserted  after  the  patterns 
have  been  etched,  8  bonding  stepa  aro  required  to  connect  the  devices.  The  lower  left 
picture  shows  a  composite  substrate,  after  polishing,  with  the  4  magnetically  active 
zones  sint*- d  together  in  a  "nonmagnetic"  ferrite  r.oat  sutatrate.  On  the  lower  right 
the  completed  device  with  the  etched  meander  line  pattern  is  snown. 


A  micrograph  of  the  transition  zone  in  a  composite  garnet  substrate  is  shown 
m  Fig.  2.  Nonmagnetic  and  magnetic  zones  show  up  on  account  of  the-  slightly  different 
grain  size  in  an  otherwise  perfect  transition.  In  particular,  the  discontinuity  in  the 
dielectric  constant  is  also  small,  due  to  the  similar  dielectric  characteristics  of 
the  dense  materials. 


2.  TECHNOLOGY 

The  technology  of  fabrication  of  composite  substrates  has  been  reported  bofore 
[3].  In  principle,  dry  milled  powders  both  of  the  "nonmagnetic"  ferrite  and  the 
magnetic  ferrite  are  mixed  with  a  small  amount  of  polyester  resin  and  separately 
filled  into  a  dio  and  then  pressed  and  sintered  in  the  final  geometry.  The  density 
achi  ;ved  in  this  process  is  comparable  to  that  of  bulk  material.  So  far,  composite 
substrates  have  been  made  in  the  spinel  system  from  Al,Zn  substituted  MnHgFe-spinela, 
and  in  the  garnet  system  from  Al,Ca,Si  substituted  yttrium  iron  garnet  as  host  sub¬ 
strate?,  both  with  Curie  temperatures  below  -40  °C,  combined  with  different  magnetic 
itrrites  of  their  respective  family.  There  still  exists  a  certain  limitation  in  the 
selection  of  materials  suitable  for  composite  substrates  because  the  wintering 
behavior,  especially  the  thermal  expansion  must  be  reasonably  well  matched  over  a 
wide  range  of  temperatures.  To  a  certain  degree  this  can  be  influenced  by  altering 
the  prefiring  temperature  of  the  powdered  materials,  and  further  progress  with 
respect  to  available  compositions  is  likely  in  the  near  future. 

A  different  and  potentially  more  elegant  method  starts  from  extruded  plasticised 
ferrites.  These  are  rolled  into  foils,  with  magnetic  zones  (also  as  a  plastic  material) 
placed  at  the  desired  locations.  These  are  then  sintered  together  after  slowly  burning 
out  the  plasticiser.  While  useful  for  simple  "nonmagnetic"  or  simple  "magnetic  sub¬ 
strates,  this  method  so  far  has  not  resulted  in  vacuum-tight  transitions  in  composite 
substrates. 

Further  processing  of  uha  composite  chips  follows  the  steps  applied  for  the 
fabrication  of  conventional  thin  film  integrated  microwave  circuits.  A  particular 
advantage  arises  from  the  fact  that  fine  polish  (to  <0,1  p  roughness)  is  much  more 
easily  achievable  for  ferrite  substrates  than  for  alumina,  due  to  the  low  porosity 
and  hardness  of  ferrites.  This  is  important  because  losses  of  micro strip  circuits 
rend  to  rise  rather  strongly  for  a  surface  roughness  of  the  order  of  a  skin  depth 
(-0,5  p  at  X-band  frequencies),  No  mechanical  defects  have  been,  found  on  composite 
eubstretee  during  the  following  vacuum  deposition  cycle,  with  temperatures  going  up 
to  abt.  at  300  °C.  Mechanical  adhesion  of  deposited  aopper  layers  (after  "chrome  flash 
or  200  A  Vd  intermediate  layer)  is  excellent  on  all  properly  cleaned  forrites  tested 
so  far. 


3.  SUBSTRATE  PROPERTIES 

The  electrical  and  environmental  properties  of  the  "nonmagnetic"  ferrite  host 
substrates  ere  similar  to  those  of  eluaina,  Dielectric  lose  tangents  of  <10”4  are  con- 
siotently  achieved  in  bulk  materiel  by  refined  ferrite  technology.  The  unleaded  Q0  of 
teat  resonators  .3  about  350  at  X-band  frequencies  and  thus  compares  well  with  similar 
values  for  resonators  on  AI2O3  [4].  With  normal  copper  circuit  patterns  the  measured 
attenuation  at  X-band  is  about  0.07  dB/cm  in  a  50  Ohm  line.  The  attenuation  as  a 
function  ox  frequency  ia  shown  in  Fig.  3.  Also  shown  ie  a  theoretical  re  milt  for  this 
geometry  which  gives  rise  to  the  expectation  that  losses  can  be  even  further  reduced. 
However,  the  origin  of  the  remaining  discrepancy  is  unresolved  at  present. 

The  dielectric  constant  cr  of  the  host  substrate  ie  slightly  higher  (~  11  for 
splnele,  -16  for  YIG)  then  that  of  AI2O3  (-9.7).  The  dielectric  constant  is  substan¬ 
tially  frequency- independent  In  the  microwave  range,  at  least  below  18  GHs,  The 
elight  dispersion  shown  in  Fig.  3  for  the  normalised  guide  wavelength  is  entirely 
due  to  the  propagation  characteristics  of  the  microstrip  line.  This  *s  also  evident 
from  the  theoretical  plot  of  the  guide  wavelength  versus  frequency,  calculated  for 
a  constant  value  of  er. 

The  microstrip  guide  wavelength  la  not  very  sensitive  to  the  environmental 
temperature.  In  the  temperature  range  from  -40  to  +60  °C  the  variation  is  less  than 
1*,  similar  to  the  behavior  of  alumina,  whereas  for  magnetic  ferrites  the  propagation 
ie  inch  more  strongly  affected  by  temperature  due  to  changes  in  the  permeability. 

Fig. 


Peak  power  handling  capability  of  the  "nonmagnetic"  ferrite  substrate  is  also 
of  the  sane  order  as  that  of  other  dielectric*.  Thus  in  composite  substrates  the 
maximum  power  level  will  be  governed  by  the  high-power  behavior  of  the  magnetically 
active  senes.  However,  within  the  range  of  usual  mlcroatrip  applic  ;ions  with  peak 
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power  levels  up  to  1-2  kW  magnetic  instabilities  will  not  normally  arise  in  the 
garnets  and  spinels  used  in  composite  substrates.  Moreover,  if  required  the  peak 
power  level  can  be  increased  still  further  by  known  techniques  of  doping  with  re- 
laxers.  High  average  power,  on  the  ether  hand,  lead*  to  a  rise  in  temperature  of  the 
devices  at  a  rate  depend*  on  the  unavoidable  insertion  looses,  for  circulators, 
chase  shifters  etc.  the  l.a  .fcation  is  of  the  order  of  10  Watts  CW  at  X-band  frequen¬ 
cies,  for  temperature  rises  of  about  3G  °C. 

In  addition  to  their  higher  brittleness,  the  only  minor  disadvantage  oi  "non¬ 
magnetic"  ferrite  substrates  is  the  poor  thermal  conductivity,  which  is  about  an 
order  of  magnitude  lower  than  for  AI2O3.  Quantitative  data  on  both  mechanical  ehook 
or  thermal  shook  behavior  are  not-  yet  available,  however. 

4.  INTEGRATED  RADAR  SUBSYSTEMS 

For  radar,  the  composite  substrate  technology  offers  interesting  possibilities 
especially  for  phasing  systems  of  electronically  scanned  antenna  arrays.  The  X-band 
4-bit  digital  phase  shifter  as  shown  in  Pig.  1  with  dimensions  of  only  3x3x0.06  cm5 
is  readily  integrable  with  the  antenna  system  at  locations  near  the  antenna  elements. 
This  holds  for  systems  with  directly  fed  radiating  elements  and  retroreflective  types 
of  antennas  with  "optical"  power  distribution  from  a  common  source.  In  the  particular 
device  shown  the  meander  lines  are  designed  for  phase  shifts  of  12,  24,  48  and  96° 
respectively,  offering  16  phasing  positions  between  0  and  ISO0  differential  phase 
shift.  Since  only  the  two  remanent  magnetisation  stages  of  the  toroidal  ferrite  rones 
(clockwise  and  counterclockwise  remanent  magnetization)  are  used,  no  holding  power 
is  required.  This  is  a  clear  advantage  over  PIN-dlode  phasing  schemes.  The  remanent 
magnetization  of  an  individual  stage  is  reversed  by  application  of  a  short  (O  ps) 
pulse  of  about  10  A  and  appropriate  polarity.  The  switching  time  for  tne  ferrite 
zones  is  potentially  less  tlian  1  pc  with  an  energy  expense  of  <1  p Joule.  In  this 
geometrical  arrangement  the  differential  phase  shift  results  from  the  interaction  of 
the  atomic  spins  in  the  ferrite  with  a  locally  circularly  polarized  magnetic  field 
of  the  microwave  within  xha  substrate.  The  resulting  phase  shift  is  nonreciprocal. 

In  a  monostatic  radar  system  this  requires  a  separate  reverse  switching  operation 
between  transmit  and  receive  operation,  to  obtain  identical  antenna  bearings  for  both 
cases.  Because  of  the  fast  switching  performance,  this  should  present  no  particular 
problem.  In  principle  ulso  reciprocal  phase  shifters  can  be  fabricated  by  a  wider 
spacing  between  adjacent  meander  lines.  However,  the  figure  of  merit  for  reciprocal 
devices  is  only  40. ..140°  phase  shift/dB  attenuation  and  hence  much  lower  than  the 
figure  of  merit  for  nonreciprocal  devices  (200-300°/dB).  The  temperature  drift  of 
the  multibit  phase  shifter  can  be  maintained  at  less  than  ±556  of  the  differential 
phase  shift  over  a  range  from  -20  to  +60  °0  by  selection  of  the  composition  of  the 
magnetic  zones.  In  the  garnet  system  this  may  be  achieved  by  using  Gd,Al  substituted 
YIG  for  which  the  saturation  magnetization  is  substantially  independent  of  temperature 
over  a  fairly  broad  range.  The  phase  change,  which  depends  primarily  on  the  remanent 
magnetization,  is  then  only  slightly  affected  by  temperature  via  the  anisotropy  field, 
Pig.  5. 

An  alternative  fora  of  the  digital  phase  shifter  consists  of  a  single  meandering 
line  per  antenna  element.  The  desired  number  of  phase  steps  are  generated  electroni¬ 
cally  by  partial  switching  of  the  magnetization  with  short  current  pulses  of  discrete 
amplitudes,  but  below  those  required  for  saturation  of  the  material.  This  design 
simplifies  the  address  wiring  at  the  cost  of  increased  complexity  of  the  electronic 
driver  circuitry.  The  figure  of  merit  is  comparable  to  that  of  the  aultiblt  version. 


In  continuously  variable  microstrip  ferrite  phase  shifters  the  adjustment  of 
phase  delay  is  more  economically  achieved  with  transverse  magnetic  fields  between 
the  poles  of  a  separate  magnet.  In  this  case  the  magnetically  active  zone  should  fill 
the  area  between  the  poles  to  avoid  nonmagnetic  gaps. 

Two  90°  latching  phase  shifters  (possibly  on  one  magnetic? lly  active  zone)  can 
be  combined  with  a  powsr  divider  and  a  branch  line  coupler  to  act  as  a  miniaturized 
latching  single  pole  double  throw  switch  for  microwave  power.  A  nodule  for  X-band  use 
iB  shown  in  Pig.  6.  In  the  present  configuration  it  provides  about  20  dB  discrimi¬ 
nation  between  the  symmetrical  output  arms  of  the  coupler  in  a  frequency  bond  of  10£. 
However,  the  discrimination  ana  the  bandwidth  may  be  improved  by  further  optimization. 
As  a  single  switch  it  may  be  used  for  example  to  separate  transmit  and  receive 
operations.  In  principle,  a  tree  of  such  modules  may  be  used  as  a  switchablc  addressing 
system  for  multi-input  circuits,  s.g.  for  connection  to  a  Butler  matrix  (5]  in  an 
electronically  scanned  array. 

Another  important  use  of  composite  substrates  for  radar  systems  involves  its 
application  for  miniaturized  integrated  receiver  front  ends  or  frequency  converters 
etc.,  which  generally  require  a  number  of  isolators  and  circulators  for  decoupling 
and  matching  purposes.  Pig.  7  shows  two  versions  of  solid  state  X-band  front  ends. 

The  systems  differ  in  the  manner  in  which  frequency  of  the  local  oscillator  is 
stabilised  for  use  in  low  nciae  radar  and  communication  systems.  In  both  circuits 
the  basic  part  includes  a  singly  balanced  mixer  with  2  Schottky  barrier  diodes  mounted 
at  the  output  arms  of  the  branchline  coupler.  These  are  followed  by  low-pass  i.f. 
filters.  The  mixer  noise  figure  is  of  the  order  of  9  dB,  if  measured  with  a  1.5  dB 
i.f.  noise,  The  signal  input  of  the  mixer  contains  microstrip  isolators,  built  up 
of  3-port  I-circulatcrs  with  one  arm  terminated  reflectionfree  by  a  vacuum-deposited 
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thin-film  resistor  (Cr-NA).  The  isolators  essentially  reduce  reradiation  of  local 
oscillator  po-wf  ouu  Ispzc-vs  ths  match  as  scan  from  the  branch  line  coupler  and  from 
the  antenna.  In  the  system  shewn  in  ?ig.  ?a  a  Gunn  effect  device  is  used  as  local 
oscillator,  and  an  APC  loop  is  included  in  the  subassembly,  For  this  purpose  part 
of  the  local  oscillator  power  is  coupled  to  a  discriminator  built  up  from  a  meandering 
delay  line  as  the  frequency-sensitive  element  end  a  separate  balanced  mixer.  Any  fre¬ 
quency  deviation  from  the  center  frequency  of  the  discriminator  gives  rise  to  a 
rectified  voltage  which,  after  amplification,  is  superimposed  on  the  Gunn  element 
driving  v3ltsga  in  such  a  phase  as  to  cancel  the  frequency  deviation.  The  entire  chip 
with  dimensions  of  3x4  onr  contains  14  passive  components,  including  the  circulator, 
and  5  active  devices  on  one  composite  substrata.  The  front  end  shewn  in  Fig.  7b 
contains  instead  provisions  to  connect  a  separate  quarts  stabilized  rf  signal  derived 
e.g.  from  a  step  recovery  diode.  The  filter  circuit  essentially  serves  to  reject 
harmonics  and  spurious  signals  from  the  multiplier  chain  used  to  transpose  the  50  KHz 
quartz  signal  into  the  X-band  region.  Alternatively  a  low-power  stable  rf  signal 
may  be  used  for  injection  locking  of  a  separate  Gunn  oscillator.  With  an  injection 
power  of  0.1  mV  a  pulling  range  of  about  150  KHz  has  been  achieved  for  an  11  mV  Gunn 
element. 

The  composite  substrate  technology  hae  also  been  used  for  the  development  of 
snail  all  solid  state  radars ,  which  find  a  variety  of  applications  either  as  warning 
devices,  electronic  fences,  as  boat  radars  or  in  vehicle  traffic  control  systems.  A 
pocket-size  Doppler  radar  for  the  detection  of  Roving  objects  is  shown  in  Fig.  8. 

Th;  entire  rf  circuitry  is  arranged  on  a  3x3  cm-  composite  ferrite  chip  with  an 
integrated  magnetically  active  zone  for  the  circulator  element.  The  systems  15  mV 
of  X-band  power  are  generated  by  a  free-running  Gunn  effect  device.  A  small  part 
of  that  energy  is  fad  directly  into  a  balanced  mixer  to  act  as  the  local  oscillator. 
The  remaining  energy  passes  through  the  3-port  circulator  and  is  radiated  by  the 
attached  dielectric  rod  antenna.  Microwaves  received  by  the  antenna  pass  the  circu¬ 
lator  towards  the  signal  input  of  the  balanced  mixer,  again  formed  by  the  branch 
line  coupler  and  two  Schottky  barrier  diodes.  A  small  permanent  magnet  (ferroxdure) 
placed  beneath  the  circulator  disk  serves  to  magnetize  the  magnetically  active  zone. 
Received  signals,  which  are  Doppler  shifted,  are  amplified  and  indicated  acoustically. 
With  a  simple  transistorized  amplifier,  an  antenna  gain  of  about  13  dB  and  a  beam 
width  of  40°  a  moving  man  can  be  detected  at  a  range  of  about  40  meters.  The  range 
can  be  readily  extended  by  means  of  a  refined  electronic  trigger  circuit  and  improved 
frequency  stabilization  cf  the  main  oscillator. 

5.  C0KC1USICK 

The  use  of  composite  ferrite  substrates  instead  of  conventional,  dielectric 
substrates  for  microwave  integrated  circuits  offers  toe  advantages  of  increased  system 
reliability  coupled  with  potentially  lower  production  costs  because  of  the  easier 
mechanical  handling  of  ferrites.  So  far?  the  spectrum  of  materials  which  can  be 
combined  to  form  a  monolithic  substrate  with  magnetic  functions  is  s one whet  limited 
and  leads  to  necessary  compromises  where  different  system  operations  have  to  be  per¬ 
formed.  It  is  expected,  however,  that  within  the  next  few  years  through  further  pro¬ 
gress  in  molecular  architecture  a  much  wider  choice  of  compositions  will  be  available 
to  the  system  designer. 
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Fig.  1  4-blt  versions  of  leaching  phase  shifters 


Fi*. 2  Micrograph  oT  tha  transition  zmc  in  a  composite  garnet  ouOatrate 
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OPTIMISATION  SUR  OHHNATBUR  DEJ  RA30KES  A2R0P0RTS3 


par  3.  PIERROT  IngAuiaur  AX  at  ESE 
Ch»f  da  laboratoira  A  la 

THOMSON  -  C.S.P 
92  -  MALAKOPF 


SOKMAIRS 

Una  prograaaation  aur  ordinataur  du  oaloul  daa  dAforoationa  d'un  faisceau  d'antenno  produitea 
par  nn  radftoe  da  pointe  avant  a  Ate  aiaa  an  point. 

L'utilisation  daa  pro  grunt  a  da  calcul  da  la  deviation  d'axe,  ■-'«  la  perte  da  transmission  at 
daa  ranontdaa  daa  lobaa  aacondtiree,  parnet  da  dAtaroirer  t 

_  i*  oonbinaison  paraaAtriqua  aptinala  rApondant  A  un  probliaa  post  (forme  gAnAraia  du  radOoe, 
pezoittivltA  at  loi  d’epaisatur  da  la  parol) 

-  i«a  parforaacces  radioAiectrique*  tbaonquanent  rAalisablaa 

-  l'ioportanoa  daa  effata  perturbatsura  due  aux  ieprAciaiona  da  realisation  du  radfcts  at  sux 
variatlona  da  tsnpAratura  dana  las  conditions  da  vol. 

-  INTRODUCTION 

Citte  cofaaunication  eat  un*  qrnth&sa  daa  Atudos  affactuAas  depuis  plus  inure  anneaa  par  la 
THOMSON-CSP  aur  las  radSaaa  aAropcrtAs.  Ella  a  pour  but  da  nontrer  lea  poaslbiliiAs  da  la 
aAthods  da  oaloul  das  parfomancaa  radioAlectriques  atiae  au  point  au  court  de  cea  Atudes. 

Lae  caraotAristiquae  d'un  radSna  aAroportA  eonstituant  la  points  avant  d'un  avion  ou  d'un 
an« in  inttrvianntnt  baaucoup  aur  laa  performances  du  ay a tine  radar  qu'il  oat  deatinA  A  protAger. 
L'optiaiaation  da  can  carnctAristiquae  an  fonction  du  problems  posA  eet  done  de  pr ecu  Are  impor¬ 
tance. 

La  probleat  gAnAral  consists  A  rechtrcher  la  aeilleur  coaprcaia  antra  les  exigences  radioAlec- 
triquaat  aArodjmamiquts  at  aAoaniqueo.  GAnAraleaent,  lea  considArations  aArodynaaiques  et 
■ecaniquea  definiaaant  la  foraa  gAnerale  du  radfae  at  I 'epaisseur  minimal e  da  la  paroi  sent 
prApondArantas,  at  la  probllae  aa  raaAne  A  l'optiaiaation  ae  l*.  loi  d'epaisseur  de  la  paroi 
(on  liaitant  1 'investigation  aux  technologies  clasaiquea  "Monolitha",  bier  qua  la  mAthode  de 
aalcul  prAaentAe  a'appliqus  auasl  aux  parols  plus  ooaplaxas  da  type  aultioouchaj,  pour  ohtenir 
lot  dAriations  d'txe,  partes  da  tranaaiaaion  ct  raaontAs  daa  lobaa  aecond&irss  couhaitAs  dans 
una  bands  paasante  donnAa. 

L'objet  da  cattc  ocaaiuiiottion  ast  da  mon'rer  qua  cas  oaraotAriatiquea  aont  aocaaaiblas  par  la 
oaloul |  eo  qui  psraot  non  saulctaant  da  dAfinir  la  loi  d'Apaiaeaur  optiaala,  aaia  auaai  d'effac- 
tuar  daa  Atudas  paraoAtriquaa  gAnAralas  psraattant  do  ohoisir  an  cosnaiasanoa  da  cause  la 
salllaur  coaprcsis  antra  sxlgencas  aArcdynulqut*  at  radioAl*ctrxqu*e. 
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i  -  D£S  CAbSVl-S 

La  oaloul  exact  dec  deforest*-:' a  apportdei  pax  le  iud3uo  au  faiscem  rsyormi  par  l'entenns  set 
prauqusraant  inextricable.  L’es  approximation!!  sont  nbcsasaires  el  entrafnent  mivitablsmsnt 
dee  limitations  au  domains  d«  validite  dee  recultats. 

L'approximation  pnrcipale  consists  i  effsctuer  dea  roiaonneaents  d'optique  giomdtnque.  Elle 

2 

eat  valaola  an  chtuap  procne  de  l'antenne  juaqu'4  une  distance  de  l'ordre  de  0,1  4  0,2  d  /\ 
ai  d  est  le  diaaitre  d’antenne  el  A  la  longueur  d'onde. 

Sr.  effei,  la  distribution  de  cheap  dans  un  plan  parallels  4  x'ouverture  royoinante  de  l'antenne 
esc  praliqueoent  la  mine  que  nur  l’antunne  si  oetle  condition  de  distance  eat  respectde  (l). 

Cette  oondition  limits  geniraieaent  1 'utilisation  dea  oalculs  a  dee  antennas  de  diametre 
euperieur  &  dix  longueurs  d'onde. 

na  figure  1  aontie  le  principe  du  calcui.  Le  raisonnemsni  eat  sffcotud  on  reception  :  un 
front  d'onde  plan  equiaapliiude  arrive  sur  le  radSae  dar.E  la  direction  d'une  source  eesttrice 
situde  1  grande  distance.  Deux  cas  de  rayons  sont  4  eonsidersr  :  le  prenier  oonoerne  un  rsyon 
qui  spree  la  traverses  du  radSae  arrive  direotoaent  sur  1  'ontenne,  et  le  second  un  reyon  qui 
n-atteint  l'artsune  qu'e.pr&s  une  ou  plusiaurs  reflexions.  A  cheque  truvereie  ou  rt flexion  au 
ntverii  de  la  paroi,  lee  coefficients  de  transmission  ou  de  reflexion  sont  calculus  en  amplitude 
et  phase  su  eoyen  das  r ilatio:.r  Uassiques  dee  lease  4  faces  parailelea.  Le  signal  total  re;u 
pax  1 'antenna  set  1 'integrals  dee  aiguaux  re; us  par  1 'intermidiairo  de  ch&eun  de  one  rayons. 

En  effectuant  ce  calcui  4  pluaieum  frequences  pour  ohcqus  position  d'antenne  par  rapport  au 
rad&se  et  pour  cheque  position  du  front  d'onde  incident  par  rappcrt  4  1 'antenna,  •  ;  obtisnt 
une  true  ocmplite  des  effete  du  rad&sa  sur  le  false  ecu  d'antsnns. 

Ce  type  de  rid.«uls  rip4titifa  so  prtte  trie  bien  4  1' exploitation  sur  ordinateur.  Catte  exploi¬ 
tation  est  realists  au  ncyen  d,<  trois  programmes  prinoioaux  i 

~  le  premier  a  piur  but  Is  calcui  de  la  deviation  d'sxs  an  foaotion  de  1 'orientation  de  ’an- 
tenne  par  rapport  au  radSae  (an  calcui ant  la  direction  du  ifro  d'dcartoaitrie  d'un  eyetL  s 
aosopulse),  il  psrset  ^qolsmsnt  la  ra.*  cul  de  la  perte  de  transmission. 

-  le  second  a  pour  out  le  'alcul  d»  Is  rsmor.tee  des  lobes  eecondaires  de  l'antenne 

-  le  troieieae  a  pour  but  ; 'sptiaia ition  de  la  ioi  d'tpaisssur  de  la  paroi  afin  do  mlniaiser 
la  deviation  d'axe. 

3  -  3SSULTATS  OhTFNUE 

La  figure  2  contra  un  disgraces  de  rsyonnement  calculi,  cospari  4  un  diugraaue  mssuri.  Le 
calcui  comae  1 'experiment  ;ti .  font  bien  apparaTtr a  1b  "lobe  do  inflexion”  bien  connu. 

La  »igure  3  montre  une  courbe  de  deviation  d'axe, en  fepetion  du  dipointege  de  l'm^enne  par 
rapport  au  radSms.  ca’.culee  e  assures  event  d'effectuer  ces  corrections  d'ipaieteur,  st  la 
f  gure  4  1«  r.Sae  courts  aproo  application  de  le  correction  d'ipaieaeur  calculie  at  moyen  du 
programae  d'opt.'aiuaiio... 

Ces  quelquso  exeaples  aontrent  que  1 >  correlation  entre  See  risultats  de  calcui  et  les  resul- 

i 

ta*s  expincentaux  est  jonne.  Elle  appareft  encore  xeilleure  sur  dss  risultats  de  synthese  que 
sur  lee  calculi  iliaentairsc. 
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Par  example,  X*  courb*  d*  la  figure  5  montre  la  var.ation  calculi*  de  la  p*nte  d'aberration 
(maximal*  an  fcnction  du  dipointag*)  an  fonotion  da  la  frequence  pour  un  radSme  d'allongaaent 
1,6  (l'allongeaam  ast  definj.  coana  1*  rapport  enirs  la  distance  ds  it  points  du  r»d?««  4 
l'antann*  at  la  diasitra  du  radSae  au  droit  da  l'antenna)  avec  une  p&roi  da  permittivity  5» 
c  on  pari  e  a  un*  courbe  diduite  da  riaultata  expinmentaux.  Ce  type  da  oourbe  mat  bisn  an  dvi- 
dance  la  ailactiviti  du  radSae.  Cette  selectivity  n'eat  pas  oodifiie  par  )es  corrections 
d'ipaiaaeura  qui  provoquen.  aeuleaant  un*  translation  da  la  courbe  suivant  l'axa  daa  ordonndaar 
Sur  la  atme  figure, laa  oourbae  traedas  pour  daa  permittivity*  da  3  at  9  tsontrent  qu'un  accroiasa- 
■act  da  permittivity  provoqua  una  diminution  is  la  bunds  pasaanta  (risultat  normal)  at  une 
diminution  daa  aberrations  4  la  frequence  d'accord  pour  un  radSae  4  epaisaeur  Constanta 
(ldsultat  plus  inattand  \). 

Sur  la  figura  6,  laa  courbas  traedas  pour  un#  permittivity  de  4,5  at  daa  allongaeants  da  1,4 
1,6  at  2,5*  montrant  de  mtaa  qua  ia  adlectivite  augaento  avec  1 ’allongeaent  (at  que  las 
aberrations  4  la  frequence  d’accord  dimmuant). 

La  figure  7  montre  una  representation  daa  aberrations  an  fonction  du  ddpointags  ralatif  de 
l'antenna  par  rapport  au  rad  8s*  an  site  at  an  giaaaer.t.  Cheque  vac. ear  repry  sente  en  iSchelle 
dilatie  la  deviation  d'axa  au  point  do  site  st  de  giaaoent  '.orrespondant  4  son  origins, 

Cette  figura  montre  Involution  das  aberrations  pour  das  balayages  de  direction  quelconque  par 
rapport  aux  axes.  Ces  riaultats  sont  d'un  grand  intdrjt  pour  l'etudn  par  simulation  de  l’effet 
das  perturbations  sur  1 'ensemble  du  §ystiae  Rader.  Sur  eatte  figure  il  apperaft  nettament  que 
las  cocposantex  d'aberration  pour  das  dipcintages  coitbicis  en  site  et  giaaoent  n'ont  pas  de 

-#tion  simple  avec  les  compoaantaa  trouvyas  pour  las  mSsas  dyoomtages  dans  las  plans  principaux. 
Un  autre  risultat  iioortant  est  la  aise  en  ividence  de  la  propcrtionnality  de  la  dyviatian 
d'ax*  4  la  le-geur  do  faisceau  pour  une  giorndtrie  de  radSae  donnee.  Cette  propnyty  eat  mise 
4  profit  pour  tracer  les  courbes  en  coordonndes  riduites  et  obteair  ainsi  des  rdsultats  plue 
ginyrsux.  Ainsi  eur  les  figuras  3*  4*  5  at  6,  1'echeUe  des  ordonnies  est  gradude  en  aberration 
ou  en  pent#  d'aberration  multipliie  par  le  rapport  d/A  . 

II  risulta  de  catta  propriiti  qua  la  facility  da  rdalication  C'uns  deviation  d'axa  donnia 
depend  da  la  largeur  du  faisoeau  :  une  deviation  d'un  dixiima  da  largeur  fe  faisceau  est  tr4o 
facile  4  obtenir,  alors  qu'une  deviation  d'un  centiiaa  da  largeur  de  feieeeau  eat  trAs  difficile 
4  rdalissr. 

4  -  POSSIBILITRS  BBS  CAISULS 

ftualques  exemplas  dea  possibility#  d'ytrde  par**s4trique  ot  d'optiasisation  da  la  loi  d’ypaisseor 
ont  4t<  donuSs  prycyde^iest.  D’autres  possibility*  .r4a  intyrasssntes  an  ryaultent  t  l'dtade 
daa  effete  parturbateure  provoquis  par  las  variations  d*  taapdrature  et  ies  iaprycisiona  da 
realisation. 

Une  variation  da  ttardratura  provcque  une  variation  da  permittivity  et  una  variation  d’ypaiasaur 
de  la  paroi.  En  simulant  lea  conditions  de  teaqyratur#  ryellen  du  vol  (vsristion  continue  de 
tampdrature  la  long  et  dsns  l’ypaiseeur  de  In  parol)  par  des  variations  quantifies  do  per¬ 
mittivity  at  d'ypaiasaur,  la  calcul  est  possible. 
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Lea  courbea  de  ia  figure  8  xontrant  qua  1 'affat  da  la  tempdrature  provoque  una  translation  dea 
courbee  auivant  X 'axe  daa  abcieaea  (cat  arret  aat  da  a  la  variation  da  la  temperature  aoyanna 
da  Xa  paroi)  at  ana  tranaXation  auivant  l'ave  daa  ordonniea  (affat  dll  an  gradient  da  teapdra- 
tura  Xa  long  da  X*  paroi  qui  provoque  ana  ddtdnoration  partielle  do  la  Xoi  d'dpaiseeur 
correotrice).  Par  oa  procddd,  ll  aat  possible  d'une  part  da  prdvoir  la  radSee  pour  eeo  condi¬ 
tions  d'utilxeation  exactea,  at  d'autre  part  da  deduire  las  performances  du  radSee  an  vol  dea 
•aauraa  sffactudas  au  sol  4  teapdraturs  anbianta. 

i'influenoe  das  lieprdcisiona  da  real isation  aat  dtudide  da  eanidre  aemblable.  Ces  laprdoieions 
portent  stir  Xa  permittivitd  at  I'dpaisseur  da  Xa  paroi.  Una  laprdciaion  aur  Xa  valaur  soy  arm  a 
provoque  una  translation  da  Xa  courts  tuivsnt  1 'at a  daa  abciasas  (figure  8)  at  lee  variations 
autour  da  catte  valaur  aoyanns  provoqusnt  una  translation  auivant  l'axe  dcs  ordonndes  in 
ditruisant  pcrtisllamsnt  X 'affat  da  Xu  correction  d'dpaisaavr  optimal*.  Contraireaant  auz 
affats  da  Xa  tompdretur*  qui  cons,  systdmatiquas,  oas  translations  sont  aldstoires  (iaa  Xois 
de  repartition  ddpsnds&t  da  la  technologic  utilisd*  pour  la  rial  isation),  laur  exploitation 
•at  done  faita  par  las  procddd*  probabillstas.  1M a  rd col tats  peraetteat  da  connattr*  a  priori 
lac  affats  dss  dispersions  da  fabrication  at  d'tn  ddduirs  la  pouroantaga  da  rabutn  prdvisibla. 

Si  la  pouroantaga  trouvd  set  inacosptabls,  il  faut  adarttre  de  retoucher  las  rsdSmes  aprda 
un  premier  teat  radiodlactriqus  (ca  caa  aat  frequent  pour  lea  radSse.i  an  straiifid  verre 
rdsina).  la  program**  da  calcul  d'optiaioation  da  la  loi  d'dpaiaaaur  paraet  alors  <la  calsuler 
las  corrsotiona  4  sffsctusr  d-apris  las  rdsultats  da  assure. 

5  -  cacmsioM 

L'utilisation  daa  programme*  da  calcul  set  utils  au  ccurs  das  diffdrantss  dtcpes  d'une 
realisation  t 

-  au  tours  da  la  prddtude,  alls  psxmst  d'dlatorsr  iso  informations  ndceasairaa  au  choix  du 
asillsur  coapromia  antra  lao  exigences  adrodjnsalquaa,  radiodl ectriquea  at  adcaniquas  (ca 
oboix  aboutit  4  la  ddflnition  da  la  forms  du  rsdSas  at  da  la  permittivitd  da  la  paroi) 

-  au  court)  ca  i'dtude,  alls  paraat  da  coanaStn  a  priori  las  performance*  at  las  rebuts 
prdvisibles  an  fonction  dss  toldrsnces  de  fabrication,  «t  da  definir  la  loi  d' ipaissaui* 

4  rdalissr. 

-  au  cours  da  la  realisation,  alls  paraat  de  ddfirJ.r  las  corrsotiona  4  sffsctusr  pour  ooopsnner 
las  dispersions  da  fabrication. 

L' axis tone a  d»  cas  prograaoes  da  calcul  a  p areas  d’dclaircir  conaiddrablsmant  la  problfap*  da 
Is  ddflnition  dss  radSas t,  problte*  dont  la  dlfficultd  sat  connus  dapuia  longtaaps  at  qui 
provoque  das  limitations  aux  performances  dee  aystdmae  radar  adropcrtds. 


Rif.  t  -  (l)HAKSESt  8.C.  "Ricrowere  Scanning  Antsnn as"  VOL,1  Apqrtoras  Academic  Prses  1964 
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PATTERN  COKPRBSSIOH  BY  SPACB-TIKE  BIHAR Y  CODING  OP  AH  ARRAY  AWTEN11A 

S,  Prabovitob  and  C.  Aubry 
Thomson  -  CSP 
92,  Bagteux-  Franco 


S  0  R  *  A  R  T 


The  purpose  of  this  paper  is  to  describe  a  procers  of  space  scanning  by  means  of  an  array  antenna,  the 
radiation  pattern  of  which  is  time-modulated.  This  modulation  is  obtained  by  associating  a  1  bit  phase- 
shifter  (0  -  Jl)  to  each  radiating  element  of  the  array.  The  received  signals  are  processed  by  means  of 
adaptive  filters  or  of  corrals tore  corresponding  to  various  direction  camples.  Three  coding  types  are 
considered  !  reception  coding,  transmission-reception  coding  and  periodic  ceding.  The  main  advantages  of  the 
space  -time  binary  coding  raaolve  from  the  simplicity  and  economy  o!'  the  phas.. -shifters  and  their  control 
elements.  These  advantages  are  obtained  at  the  expense  of  sn  energy  loss  of  at  least  3  dB.  This  disadvantage 
is  not  necessarily  redhibitory  sjm  the  process  constitutes  undoubtedly  ar.  additional  solution  available  to 
the  engineer. 

1,  INTRODUCTIQH 


This  communication  is  made  within  the  frame  of  R,  and  S,  studies  on  the  signal  processing  antennas. 

Its  purpose  is  to  describe  a  process  of  space  scanning  by  means  of  an  array  antenna,  the  radiation 
pattern  of  which  is  time  modulated.  Ac  compared  with  conventional  arrays,  the  proposed  system  offers  a 
certain  number  of  advantages  t 

-  Simplicity  and  economy  of  the  pha3e-shiftera  and  their  control  elements  j  reduction  of  the  insertion 
losses  (advantages  over  electronically  scanting  antennas) 

—  Use  of  only  on»  receiver  (an  advantage  over  multi-beams  antennae) 


Tics*  advantages  are  obtained  at  the  expense  of  a  certain  loos  in  the  signal-to-nolee  ratio,  and  they 
require  a  certain  cumber  of  correlators  or  adaptive  filters. 


In  section  2,  ws  present  the  general  principle  of  the  space-time  ceding  of  an  array  an tenia.  The  following 
sections  dea.  exclusively  with  phase  coding,  and  specially  the  binary  phase  coding  allowing  to  obtain 
tha  above  mentioned  advantages.  We  shall  examine  the  cases  in  which  the  coding  is  made  at  reception 
(section  5),  then  at  transmission  and  recaption  (section  4).  Further  we  shall  consider  the  highly  interesting 
case  of  the  periodic  coding  (section  5).  For  each  type  Of  coding  we  3hall  try  to  evaluate  the  integrated 
energy  at  reception  during  the  measurement  time  T.  For  a  target  located  in  the  direction  referenced  by  , 
this  energy  is  proportional  to 

E  n 

G efd.fc)  and  G*. fO.t)  are  the  gaina  at  transmission  and  reception  in  direction  0  cod  at  the 
moment  t.  The  proportionality  factor  depends  on  a  certain  number  of  parameters  which  are  ;  the  transmitter 
power,  the  target  dietar.ee,  its  cross-section,  the  various  losses  the  integration  gain  etc  ...  it  will 
be  asstmed  that  it  does  not  depend  cn  the  antenna  type  used.  The  results  obtained  are  discussed  in  the 
last  mart  of  this  p aper  (section  6). 

2,  GENERAL  COHSIDERATIOHS 


J  Gf  ( 9,  t i  Gs  10,  t)  dt 


2,1  Angle  time  analogy 


There  is  a  great  analogy  between  a  time  signal  and  its  frequency  spectrum  or.  tha  one  hand,  and  tha 
radiation  pattern  of  an  array  antenna  and  the  illumination  law  of  this  array  on  the  other  hand  (l). 
The  definitions  being  those  of  fig.  1  one  will  write  * 


This  analogy  atrcngly  suggests  to  trace  pc  so  Into  the  angular  field,  tha  radar  signal  procaening 
techniques  u*od  in  range  and  velocity  measurement#,  Thus,  aa  tha  range  resolution  only  depend*  on 
th#  autocorro ■  .  tio!.  function  of  the  transmitted  signal  (or  on  ita  spectrum  intensity),  in  the  aaaa 
say,  the  angular  resolution  only  depends  on  tha  autocorrelation  function  of  its  radiation  pattern 
(or  on  the  intensity  of  the  illumination  law)  (l),  (2),  (3),  An  array  illuninatad  with  a  "messy" 
phase  law,  has  a  "Besov"  pattern,  as  wall  in  phase  an  in  amplitude,  but  tha  autocorrelation  function 
of  this  patten.  -  which  characterises  tha  antenna  possibilities  aa  regards  the  angular  resolution  - 
•ay  present  a  very  important  peak  value.  Here  we  recognise,  in  angular  fora,  the  principle  of  the 
pulse  comoression  need  in  range  naaaurjcsnts.thia  pattern  ecmprecsiom  possibility,  together  with  the  possi¬ 
bilities  provided  by  thi  use  ef  quantixnd  eleetronioaily  phsse-ohifters,  is  the  basis  of  the  prooeca  we 
Intend  to  denoribe. 

2.2  Principle  of  the  space-tl«e  coding 

Pig,  2  show*  the  principle  of  the  space-tine  coding  of  the  array.  This  array  consists  of  H  radiating 
element*,  aeon  one  of  which  associated  to  a  nodulator.  The  SPACE  COOING  is  obtained  by  choosing, 
in  the  tine  Interval  71,  the  conplex-vnlued  amplitude  a,*  of  each  array  elaaent  (n  *  1,  2  ...  I). 

Tha  tine  succession  of  a  amber  K  of  illmination  laws,  with  respective  durations  Tj.  (i  ■  1,  2  ...  K), 
defines  the  TIKE  CODINS,  The  coding  is  than  obtained  by  a  matrix  with  complex  valued  factors, 
including  X  lisas  and  N  eolmna.  To  ssoh  space  direction  s  tins  signal  ne.tl  is  thus  associated, 
received  by  the  array,  characteristic  for  thia  direction.  In  the  case  where  the  array  operates  nt 
reception,  fla.B  is  proportional  to  the  aodnlsted  pattern  D(e.t>  (fig.  3),  In  the  case  where  it 
operates  at  tranauiaaion-reception,  Ffe.fcl  ia  proportional  to  3>*fe,t)  .  _ 0tJ 

representing  a  net  of  direction  samples  in  the  spaee  under  scan,  the  processing  of  the  received 
signals  will  be  aade  either  by  naans  of  filters  adapted  to  the  signals  n©*,t)  ,  or  by  neans  of 
correlators, 

2.3  Ruse  coding.  0  -  K  coding 

V«  only  consider  the  case  of  the  phase  coding,  and  specially  tha  binary  phase  coding.  The  modulators 
represented  on  fig.  2  are  simple  0  -  n  phase-shifters  with  all  the  advantages  implied.  It  shall  be 
noted  that  tha  olectronic&lly  scanning  process,  by  means  of  a  bean  of  conventional  shape,  corresponds 
in  fact  to  a  particulary  simple  space  time  coding,  derived  from  mechanical  scanning  antennas  t 

-  The  space  coding  consists  in  setting  a  linear  or  quast-llnsar  phase  law  along  the  array 

•  The  time  coding  is  defined  by  the  different  phase  laws  successively  set,  i.e,  by  the  successive 
positions  of  th#  antenna  t*a»  (fig.  5) 

2.4  Conservation  of  the  phase  information 

Sines  the  illmination  law  of  the  array  consists  of  a  succession  of  tanas  with  phase  0  and  «, 
according  to  a  conventional  property  of  the  Sburler  Transform  of  a  reel  function,  the  resulting 
pattern  has  an  even  rmplitude  law  end  an  odd  phase  law.  It  can  then  be  realized  that,  to  msko  the 
distinction  between  the  left  and  right  parte  of  the  sector  under  scan,  it  is  necessary  to  keep  the 
phase  information  contained  in  tha  patten),  i.e,  in  fact,  in  the  received  nodulrted  signal. 

3,  KSCEFTIO*  CODIB 

3.1  Expression  of  the  corralatore  output  signals 

N#  saomee  that  the  transmission  gain  is  uniform  in  the  see to-  to  be  watched  %  *he  signal  reflected 
by  «  target  located  in  the  0®  direction  is  nodulated  by  the  antenna  pattern  it.  this  direction  t 
j>le.,fc)  (fig.  3).  Simultaneously,  e  code  generator  elaborates  the  IP  reference  signals  2>fe«,ll 
concerning  the  various  direction  samples.  After  a  frequency  change,  the  received  signal  is  compared 
to  the  signals  iD<0.,O  in  correlators  producing  the  signnlw 

V(6.ti)  it 

In  the  tins  interval  ?i,  the  illmination  law  of  tha  array  is  expressed  by 


w  fS 

J  «  oi  o-ot<w) 


(K  isotropic  sources) 


Where  A  represents  the  interval,  expressed  in  space  frequencies,  between  two  successive  array 
elements.  In  order  to  simplify  the  calculations,  it  will  be  assumed  that  din.  .  The 

corresponding  pattern  is  expressed  by  < 


X>ife)  =  2_  om  A\)  e] 


Then  cne  can  write  t 


vP-/eo9«)-  Z- ZL  exp[j2Tr(d\9*-r!6»)A'>]  2L  <3««  a;* 

'  ~  k-,4  vr.vi  1 


Let  us  assume  that  the  coding  matrix  is  such  that 


Oia  fli 


s  M  &tnn. 


<4-3 


Thsn  H'iSe.Otc)  is  reduced  to 

v 

r 

Vi6«,e«i  =  fvi  ^ _  c*pi  j  7i!  A  v] 

appears  ns  the  autocorrelation  function  of  the  pattern,  i.e.  ^(0o  -  0r)  ,  It  is  ths 

r'ourior  transform  of  the  illuainat-.on  int-nnity.  With  n  tolerance  of  one  factor,  one  has 

.  Oe..e.t 

.5'*  [rrA«  '0o-6tl] 

REMARKS 

(a)  In  order  to  correctly  perform  the  correlation,  it  is  necessary  to  start  tiie  reference  signal 
generator  at  the  exact  tiae  when  the  pulse  reflected  by  the  target  is  received  by  ths  array.  It 
is  obvious  that  this  instant  is  not  known,  not  even  whether  tho  reflected  pulse  exists.  To 
eleninate  this  difficulty,  the  coding  is  carried  out  In  a  cyclical  manner,  with  a  period  equal  to 
ths  length  of  ths  transmitted  pulse.  The  reference  signal  corresponding  to  a  given  direction 
sample  is  then  identical,  as  regards  its  envelope,  to  the  modulated  signal  eventually  received 
from  a  target  located  in  this  direction  (fig.  6), 

(b)  Tho  Doppler  effect  due  to  the  target  velocity  has  been  fully  neglected.  This  effect  introduces 
spurious  terms  in  the  expression  of  '4'(8o,0i<)  ,  In  particular,  JS.  a'«v  becomes 

.T a.'*  o.x  expTjtn ip  3  where  f<i  is  the  Dopplsr  frequency.  In  f*ct  If  we  consider  ths 

following  orders  of  magnitude  i  X-xAocm,  T:  u fti  ,  V*  -  ggoo  k mfk  (target 

radial  velocity),  it  appears  that  c  0,35  r0A.  ,  Undss  these  conditions  ths 

influence  of  the  exponential  term  ean  be  neglected,  and  it  can  easily  he  seen  that  this  also 
applied  for  the  other  spurious  terms. 

(o)  Comparing  tne  received  signal  with  the  reference  signal,  one  obtains  in  fact  tho  real  part  X  of 
the  autocorrelation  function.  To  obtain  the  Imaginary  part  7  of  C*0o-6w>  ,  it  in  sufficient  -o 
shift  ths  reference  signal  phase  by  %  .  Then  one  can  calculate 

?  icfeo-e*^  = 

(d)  Vs  could  simplify  ths  expression  of  ths  correlator  output  signals,  assuming  that  ths  following 
relations  wore  verified 

M 

Qla.  Oim.  ~  M  S^vnry. 

<:i 

If  A  is  Is  coding  uatrix  (M  lines,  V  columns),  these  relations  are  siMmarised  by  tbs  matrix 
relation  it  L  m  I  (X  is  {he  III  unity  matrix).  In  tho  ease  where  A  is  a  square  matrix,  i.e, 
when  the  washer  of  patterns  used  is  equal  to  the  number  of  radl&ting  elements,  A  is  orthogonal. 
Since  the  Fourier  transform  keeps  the  scalar  product  invariant,  it  results  that  ths  pattsrne  are 
orthogonal  to  one  another. 

3.2  Saergy  considerations 


The  notations  will  be  the  following 

©  angular  amplitude  of  the  obuerved  sector 
X.  mwber  of  direction  samples 

0  measurement  tioe  (cot  to  be  confused  with  ths  puls#  width) 

0  maximum  gain  of  the  array  (determined  by  ths  array  dimmmsiens) 

Let  u*  first  exemtnn  tho  esse  of  conveaticnal  arrays  operating  at  tranomiasion-recopsioa.  In  case  of 
3CARKXSS  AlfTEKJJAS  (electronical  or  mechanical)  the  antsnnn  pattern  can  be  regarded  as  a  sectoral 
beam  with  width  ®  sad  with  gain  0,  If  T  corresponds  to  the  scanning  tin#  of  tho  observed  sector. 


the  target  is  illuminated  during  the  time  T  .  The  value  of  the  integrated  energy  is  t 

L 

r-  T  Grl 
L  =  — •—  =  c-o 
L 

In  case  of  KOLTI-BBAXS  AlfTEKKAS,  tli»  receiving  pattern  includes  L  beams  with  a  width  and  n  geJLn  G, 

tti#  traasmisaion  pattens  is  quasi  uniform,  with  a  (tain  0  in  sector  ©  .  Ths  transais3inn  and  reception 

L 

ie  continoua  iuritg  thv-  tine  T  end  the  value  of  the  integrated  energy  is 

£  -  <S-  —  -  T  -  Eo 


>rae  the  sasrgy  point  of  view,  these  two  cases  are  theorically  equivalent. 


g 
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<3(9)> 


DiM 


Is  ~“  at  0  -  *  comic  AXTSNKA3..  the  accurate  calculation  of  S  depends  os  tbs  choice  of  the  code* 
used.  Howeror  it  In  possible  to  evaluate  thi*  energy  by  processing  the  patten  am  a  conplex-vmiuea 
rwvioe  function  of  the  angular  variable  9  .  la  o  hypothesis  share  the  nueber  of  pattens  is 
great,  the  aathae^tieal  expectation*  can  be  Identified  ea  time  average*.  As  an  e  maple, 

r.  -L  f  3>(9,l)dt 

TJr 

Farther  v.  ttskn  the  foliosing  hypothesis  t 

-  The  process  Is  stationary.  For  instance  <'X>(9)>  Is  lndependant  of  6 

-  The  process  is  ergttdlc  t  the  average  vnluss  with  respect  to  0  are  equal  to  the  statistical 
averages.  For  instance 


M 

**  t  »* 


CDfrJ? 


o  i.  f  3* 
©  J® 


teU# 


Finally  if  w*  aaaue*  that  the  array  ior.ludss  a  great  maber  at  sources,  the  Central  Unit  theoxea 
can  he  applied.  The  real  part  X(»)  and  ineginary  part  Yff)  have  independant,  atationnaxy,  tsexo-swaa 
no  real  distributions,  having  the  »see  variance  <X*>  »  <  y*y  *  o'*  «]T)(t)|  baa  then  e 

Rayleigh  distribution 


Pilpi)  *  e^p[lol7io'tJ 

I  ryL  ’ 


The  ergodlolty  hypothesis  allows  tc  evaluate  O'1  t 

<IpI7  _<xw/*>  =  t*1  *  ±  i  I wut1  dt 

eJ<s> 

If  the  patterns  ore  suitably  nomad,  so  that  ~  Gf*ik)  (gain  function) ,  the  integral 

represents  the  average  power  radiated  in  the  sector  of  scan,  i.s.  S  §L  .It  results  that  CC1*  — 

In  ease  of  RFCEPTIOS  CODIBC,  conaidsred  in  this  section,  wa  have  6*e  lft,t)  z  — 

E~  tJ **  r J 

Rayleigh  distribution,  i.c.  £  ln/pjl*y  -  2  O'1 — 


21 


to 


~  <3t 


represents  the  second  order 
,  Tt»n  one  finds 


Er 

L 


t  of  the 

The  Iota 


Is  Mesund  by  the  nuaber  of  angular  sea  plea. 
4»  TiUkSMSSHdUBBCXFTXQI  CODUO 


4.1  Deo-sription  of  the  prooeee 

If  the  coAijg  «t  transei  ssloo-rvceptioe  is  to  he  done,  the  pulse  oodlng  deecrib'.d  above  has  to  be 
given  up*  In  feet  It  sen  be  realised  that  it  beeoMsa  impossible  to  assoc  lave  a  unique  reference 
signet  to  e  giver  direction  (the  reference  signal  could  depend  on  the  target  range),  Than  on*  is  lad 
to  consider  a  pulse  -to-pulae  coding  defined  as  follows  (fig.  7)* 

the  traaenlssion  is  node  according  to  a  given  pattern  J)i  (ft)  corresponding  to  a  given  space  oodlng 
of  the  array,  end  the  reception  is  Bade  according  to  the  sane  pattern  during  a  tins  T  corresponding 
to  the  radar  range.  Thee  one  trananits  according  to  J>t-t4ftJaad  one  receives  with  this  pattern 

during  r  and  so  on.  The  eharmeterietin  signal  of  a  given  direction,  i.e.  the  signal  received  when 
a  target  is  in  this  direction,  consists  of  a  pulse  train  with  width  d,  with  repetition  period  V  , 
and  with  cost  pier  sapUtudea  M )  ,  This  signal  is  sent  throvgb  a  set  of  filters, 

each  adapted  to  s  direction  seaple.  The  filter  adapted  to  tho  9k  direction  has  an  inpulse  response 
which  is  a  succession  of  K  pulses  cf  width  d,  shifted  by  r  ,  with  amplitudes  £x>tfft»0* 

(i  m  K,  X  -  1  ...  2.  1).  The  so  called  Turin  process  (4)  allows  to  oVwin  such  an  Impulse  response 
Aaaune  that  a  target  is  in  the  0  direction.  The  6*  filter  output  algti&l  consists  of  2K  «  1  pulses 
with  mplitvidse 


Pk(9,R)  =  ^  E^Wj^Ej^-Kei.  (•*'] 


for  h  <•  1,  2  ...  K 


iv* 


j  <s-A 


K  »»,*'  =  21  PW-.  (9)]  for  h  -  K  +  t  ...  »  - 

r4 

After  a  quadratic  detection  one  obtains  2K  -  1  pulses  with  amplitude* 

|  bk  (9;  ^)|  (h  -  >,  2  ...  2R  •  l) 


(h  -  V,  2  ...  2R  •  l) 


-Wa.'****"  "  '•*  ***•' 
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ftmtiiwi  Af  Sa  5  (<nri  h  rinfiiutn  the  Aiut  'r— r—rur<  xnbifiruity  earracpon-iing  to  thft  G  — 

filter.  Th*  ret  of  antiguitv  funotione  correspording  to  the  different  direction  samples  chersetariees 
the  system  ability  as  regards  its  range  ana  angular  resolution.  Pig.  9  represents  at>eh  a  surface 
vori>5S  punning  to  inn  fo:lcving  unlc  > 

-  ‘.lie  array  includes  8  i^oteojiio  sourr. 

-  The  ni*ber  of  patterns  used  is  30 

-  the  considered  direction  easple  is  defined  ly  Oka  — — 

For  the  sate*  of  simplicity,  ve  have  only  represented  two  sections  of  the  ambiguity  aurfece  on  fig.  9 
1}  -  The  8=  8e  noctian,  which  shove  t)ie  r-_ngc  anbiguity  for  a  target  in  the  6k  direction 
2)  -  The  c  *  0  section,  which  shows  the  angular  eabiguity  for  a  target  at  *4< chance”  t  ■  0. 


4*2  Choice  ef  the  codes 

v 

An  army  haring  5  radiating  elancnts  associated  to  0  -  *  phase  shifters  allows  to  radiate  <  patterns* 
die  problem  is  to  choose  a  certain  number  of  patterns  in  this  set.  'mis  choice  has  to  be  nade 
according  to  criteria  concerning  the  anbiguity  function  corresponding  to  the  different  direction 
staples.  It  it  sum  that  the  obtained  results  depart!  on  the  mater  X  of  these  codes,  on  the  choice 
of  the  X  codes*  as  well  as  on  the  order  in  which  they  im.  Ve  have  node  none  calculations  of  the  ambiguity 
surface*  The  obtained  results  do  not  offer  a  sufficient  general  basis  Ns  ache  the  best  choice  between 
all  possible  codas*  Eoverer,  it  seems  the  choice  of  patterns  is  by  itself  for  acre  important  than 
the  number  of  these  patterns.  As  a  conclusion,  when  a  precise  operational  problem  will  be  raised,  one 
will  be  led  to  perform  a  certain  number  of  trials  on  sets  of  X  mom  or  lees  randomly  chooses  patterns 
and  to  select  the  combination  leading  t-'.  the  best  results* 

4*3  Energy  considerations 

In  case  cf  transmission-reception  coding,  on*  ban 

E  =J  =  7  <  lj>ieV|S 

The  4  th  order  moment  of  the  Hayleigh  distribution  being  8  C  one  finds  Bill  .  Thus  one  has 

L  9 

gained  3  dfi  in  relation  to  the  proceeding  case*  It  can  be  thought  to  improve  8  by  a  particular 
feature  of  the  co>  g,  e.g.  by  selecting  codes  being  always  even  or  odd*  The  patterns  33;  (8)  then 
have  a  constant  phase,  and  their  form  is  ^i!ri);  di (9S  **p£  jVi)  •  According  to  the  Oentral 

limit  theorem,  dl»,t)  is  a  stationary,  tern  mean,  gauss  tan  function,  with  variance  2  or2  (energy 
conservation).  Then  one  obtains 

E=Jr[d<e,t)]<i  <&=  T  <  tdlOjS 

but  <  7  ~  ~5  [<  d  (6)>J  (property  Of  the  gaus-ian  variables)  So  Er  3  ^5.  , 

i.*e*  an  iwprov-xsent  by  approximately  2  43  with  respeot  to  the  proceeding  case. 

It  shell  be  noted  that,  with  this  type  of  coding,  them  is  a  total  ambiguity  between  the  left  and 
right  parts  of  the  area.  In  fact,  considering  the  ■round-trip’’,  the  signals  received  by  two  targets 
being  sysmetriee.l  versus  the  antenna  arts,  will  be  equal,  both  in  phase  and  amplitude  (the  Jburier 
transform  of  a  real  function,  even  or  odd,  is  itself  even  or  odd). 

5.  THAKSXISSIQIWECEPHOS  CODBKJ  BT  XEAX3  OF  EVES  OR  ODD  FERIODIC  CODES 


5.1  Principle  of  the  periodic  coded  scanning 


Consider  an  array  of  length  Ve  ,  the  illustration  law  of  which  consists  of  periodic  square  waves 
with  a  period  AVk  (such  a  law  can  be  obtained  by  coabining  in  phase  or  anti-phase  a  certain  number 
of  E  —  plana  herns).  According  to  the  preperty  of  the  Fourier  transform  of  the  product  of  two  functions, 
the  corresponding  pattern  is  obtained  thrvugh  the  convolution  of  the  two  following  patterns  f 


-  Th#  patten.  -hive  to  he  ’uoforaly  illuminated  antenna 


Sin.  vt  i5,P 
■no.e 


-  The  pattern  relative  to  the  considered  periodic  law  (antenna  with  infinite  length).  This  patters 
consists  of  rays  with  angular  positions  3_ihi  ,  with  amplitudes  JEL  (n  takes  all  integer 

gp-i 

values  from-«a>  totoo) 


The  resulting  pattern  exhibits  two  main  lobes,  with  a  -i-  3  dB  width,  arranged  on  both  sides  of  the 

V* 

antenna,  in  the  ±  Sk  - 1  -~—r  d-recticna  (fig.  10).  These  two  lobes  are  in  phase  if  th*  e---d» 

AVk 

is  even  |  they  are  in  anti-phaas  If  the  cods  is  odd.  It  is  clear  thot,  by  varying  the  illumination 
period,  on*  obtain*  aa  actual  scanning  of  the  soaee  to  be  matched,  each  value  of  Al^beiag  relative 
to  a  direction  as  well  es  to  the  symmetrical  ~9K, 


5.2  Left-right  saturation 

The  periodic  code  cc^nHorsd  being  even  or  odd,  ths  signals  reflected  by  two  identical  targets 
located  in  t)ie  S  a.-*.  -  3  directicn*  are  equal,  *»  shall  no*  describe  a  process  allowing  to  cjaeel 
this  "left-right"  ambiguity.  To  aacf.  even  pxttani  relative  to  the  t  &\  directions,  ia  asaocirtod 
the  odd  pattern  relative  to  the  lane  direction?.  This  pattern  is  obtained  by  shifting  the  even 
illumination  law  by  s  half  period  (fig.  10).  These  two  patterns  are  processed  aa  follow  j 

-  The  pulse  trap-suit  ted  in  the  9k  direction  (end  in  the  symmetrical  direction  }  is  pht.es 
nodulated  1 r  means  of  the  successive  illuminations  SVHH,  ODD,  -EVES,  -ODD,  EVHI  ...  The  recaption 
code  is  even.  Thus  the  field  reflected  by  a  right  located  target  varies  as  1,  j,  -1,  ~<f,  1 
(the  even  and  odd  pattern  aro  in  quadrature),  whereas  if  the  target  is  left  located,  one  rccslvee 
1,  -J,  1,  i,  1  ...  (fig.  1l).  Therefore  one  has  pratically  made  a  frequency  shift  the  sign  of  which 
(increase  or  decrease  of  the  frequency)  dotercinos  a  portion  (right  or  left)  of  the  plant.  Than  it 
la  clear  that  if  the  spectra  of  the  culsea  relative  to  tro  symmetrical  targets  am  'efficiently 
far  away  on  both  sides  of  the  transmitted  spectres,  it  will  be  possible,  by  us#  Of  two  suitable 
filtera,  to  cancel  the  left-right  enbiguity.  If  the  pulse,  with  length  r  ,  ia  soda  up  of  p 
sequences  (even,  odd,  -even,  -odd}  the  significant  parts  of  these  two  spectra  nre  aspired  byl£  . 
Their  3  dB  width  i«  d  )  this  shows  toot,  despite  the  phase  coding,  the  transmitted  pule*  ia  not  r 
compressed.  ~ 

5.3  Saergy  consideration* 

The  radiation  pattern  exhibits  two  lain  lobes  symmetrical  with  respect  to  the  antenna  axis,  each  one 
having  approximately  a  gain  of  C  ,  3  dB  are  lest  each  way  ("Round  trip”)  at  each  passes*  on  the 

2 

target,  but  there  are  twice  as  many  passages  during  the  tan  time  T,  as  there  would  be  with  a  single 
lobe,  it  result*  «  _ 

e  &  IT  _  E* 

h  L  ~  2 

The  lose,  ns  compared  to  conventional  arrays  i*  about  3  dB  5  it  is  independent  from  the  number  of 
direction  samples. 

6.  tX  jCI.DSIOB 

In  this  paper,  we  have  shown  that  it  is  possible  to  perform  angular  neasurtaents  by  means  of  the  a  pace- time 
ceding  of  an  array  antenna  including  1-bit  phase-shifters.  We  have  successively  examined  i 

-  The  case  of  reception  coding  (coding  in  the  pulse  by  means  of  orthogonal  codes,  use  of  correlators) 

-  The  case  of  transmission -reception  coding  (pulse  by  pulse  coding,  use  cf  adaptive  filters) 

-  The  case  of  periodic  coding  (simultaneous  scanning  of  the  two  portions  of  the  plane  by  means  of  two 
symmetrical  lets**) 

From  the  energy  point  of  new,  periodic  coding  provide*  the  best  rvsulta.  However,  even  in  this  favourable 
case,  es  compared  to  conventional  electronically  scanning  or  multi-beams  antennas,  the  loos  is  about  3  dB. 
The  interest  of  the  space-time  0  -  «  ceding  appears  then  to  be  rather  limited,  in  fact,  the  cost  cf 
phase-shifters  and  their  control  systems  seems  to  be  a  key  factor  in  the  total  cost  of  aa  electronically 
scanning  nteana  |  so  it  is  quite  certain  that  nn  array  including  3H  on  4N  1  -  bit  phase-shifters  is  mors 
economics-,  than  a  classical  array  using  S  3  or  4  bits  phase-shifters.  Furthermore,  as  cooper  si  to  the 
multi-beams  proreso,  periodic  coding  offers  the  same  advening**  as  electronics  scanning,  aa  r*g*ri*  the 
sharpness  of  the  main  lob*  ard  the  aide  lobs  level  (one  takes  advantage  of  the  "round-trip").  It  can  be 
therefore  expected  that,  in  sons  operational  cases,  the  type  of  coding  wo  have  described  could  be 
profitably  used  to  replace  the  existing  processes. 
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Fig.  6  TinO  space  phase  coding 


Fig.?  'ran scission  reception  coding 
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Fig. 8  Reception  coding 
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To*  principle*  of  flood -'lighting  with  Ny  quint  race  scanning  at  applied  to  radar  aystems  arc  given, 
followed  by  a  description  of.  a  practical  embodiment  coveting  an  experimental  10  cm.  radar. 

The  experimental  radar  uses  a  63  clement  receiver  array,  scanning  ct  the  Nyquiat  t ite.  (100  khz) 
and  a  klystron  transmitter  of  200  watts  mean  power.  The  syst&a  ia  designed  to  scan  over  90°  £q  azimuth. 

An  outline  ia  given  of  the  main  features  of  the  equipment,  together  with  a  discussion  of  experi¬ 
mental  results.  It  is  shown  that  theoretical  predictions  on  efficiency  are  borne  out,  and  that  in 
particular,  very  good  M.T.l.  performance  is  possible. 

1.  INTRODUCTION 

With  surveillance  radars,  various  subterfuges  are  adopted  to  overt one  the  constraints  imposed  by 
the  velocity  of  propagation.  It  con  be  argued,  for  example,  that  only  the  perimeter  need  be  searched  and 
t-at  targets  within  the  perimeter  can  be  dealt  with  by  looking  relatively  infrequently  at  the  predicted 
target  positions.  The  stain  problem  is  one  of  time.  It  can  be  shown  that  a  typical  S-band  3-D  radar 
which  looks  ic  turn  at  each  angular  resolution  cell  cannot  Lave  a  period  between  looks  at  any  one  target 
much  lets  than  a  minute.  Furthermore,  any  attempt  to  improve  on  this  leads  to  a  levering  of  performance 
in  some  direction;  for  example,  in  angular  discrimination  or  in  anti-clutter  properties. 

Ideally,  we  wist  to  aee  all  targets  as  often  as  is  necessary  to  give  an  accurate  track  and  to 
detect  new  targets  as  early  as  possible.  In  many  circumstances,  a  typical  cate  being  that  of  air  traffic 
control  at  a  busy  terminal,  data  rate  constraints  may  be  unacceptable. 

Within-pulse-scanning  reduces  the  restrictions  imposed  by  the  velocity  of  propagation.  We  may 
examine  all  angular  resolution  cells  in  parallel,  and  in  principle  the  data  interval  minimum  is  the  time 
required  for  the  energy  to  return  froa  maximum  range.  In  practice,  it  is  usually  necessary  to  integrate 
several  returns  from  maximum  range  targets  ic  order  to  keep  the  transmitter  mean  power  at  an  economic 
levrl. 


The  paper  describes  a  variant  of  a  within-pulse-scanning  system  proposed  by  G.F.  Clarke  of  the 
Ministry  of  Technology,  in  connection  with  a  defence  project  in  1957.  Security  restrictions  prevented 
earlier  publication.  We  include  a  short  theoretical  description  of  the  system,  together  with  a 
description  of  some  of  the  practical  aspects.  Experimental  results  are  given  of  the  range  and  M.T.l. 
performance  obtained  with  the  experimental  equipment. 

2.  TECHNICAL  DETAILS 

It  -a  not  always  recognised  that  transmission  and  reception  have  different  aims.  The  former  calls 
for  maximum  power  in  a  given  direction,  while  the  latter  is  required  to  receive  information  with  maximum 
efficiency.  We  know  from  date  processing  theory  that  samples  of  information  taken  at  the  Kyquiet  rate, 

that  ia,  at  periods  T  -  •|j,  where  B  is  the  coaounication  bandwidth,  will  provide  all  the  information 

present  in  the  channel.  There  is  no  lover  limit  to  the  duration  of  tLe  sample,  but  the  sampling  process 
may  cause  contamination  of  the  information  unless  suitable  precautions  ft-:  taken.  The  effect,  often 
described  as  "aliasing",  results  from  the  introduction  of  additional  unvaried  information  if  the  bandwidth 
being  sampled  is  greater  than  that  required  for  signal  communication. 

Within-pulse-scanning  is  essentially  «  sampling  technique,  although  the  circuit  configuration 
does  not  make  it  obvious. 

In  our  system,  an  S-band  linear  array  of  66  primary  elements,  electronic  processing  is  effected 
by  the  well-known  method  of  modulation  scanning  -  Fig.  1. 

Consider  a  signal  V  sin  at  arriving  at  an  angle  6  to  the  normal  to  the  array.  It  is  clear  from 
the  geometry  that  the  signal  phase  at  the  rtn  eYsaznt  is 


*.  “  — j —  sin  6  *  r$  r  »  integer  .  (1) 


and  that  the  phase  is  progressive  across  the  array.  For  the  scanning  beam  to  point  in  the  direction  6  all 
elements  must  be  equalised  in  phase  and  therefore  a  phase  correlation  oust  be  applied.  Let  the 

correction  be  rio^t  that  is  a  phase  linear  with  time,  which  is  equivalent  to  a  frequency  shift  rug  in  the 
appropriate  feeder.  The  frequency  shifts  across  the  array  are  harmonically  relatel  and  oust  be  coherent 
in  the  sense  that  ell  phases  must  pass  through  zero  at  che  same  time.  Thus 

rw^t  •  -  -r$  -  -  —  sin  0  . .  (2) 


and 
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Xt_ 
■*"  d  Tm 


When  sll  elsmtat  channels  are  added  the  array  output  i*t  for  *  signal  arriving  froa  a  direction 
normal  to  the  arrav 


Vr  ain  f  (u  +  r«B)t  ♦  #r  j 


*  Vr  ain  set 


ain  N  (u^t/2  ♦  4/2) 
ain  («ac/*  ■■  a/2) 


where  H  »  2M  ♦  1. 

VT  ia  maximum  when  uat/2  “  4/2  giving  a  pulaad  signal  in  which  <  and  therefore  6  ia  a  function  of  tine  - 
equation  (2). 

Tfil 

Consider  a  seen  varying  from  -  to  ♦  — .  The  maximum  angle  of  acan  -  from  (?)  is 


♦  6max 


“  ain"l±k 


For  3nax  -  45°,  the  value  chosen  for  the  system  d  ■*  .  The  phaae  variation  over  the  scan  ia  from  ~i  to 

/T 

♦«,  and  only  one  beam  can  exist  between  -6m  to  *9m.  However,  it  ia  spj.arsnt  that  "spurious"  beams  exiat 
outside  this  arc,  as  with  any  lines;  array  of  spacing  greater  than  1/2.  In  our  case  they  occur  et 
approximately  90  degree  intervals  when  fron  (1) 


e  -  sin"1  (jfjijp-) 


As  the  arc  of  interact  it  90  degrees  only,  beams  outsioa  thin  region  are  euppreused  bv  designing 
the  primary  antenna  polar  diagram  to  cover  only  ♦  45°  to  the  3  dB  points.  In  practice  th.i  aperture  is 
choaen  to  give  e  filled  array,  with  the  primary  aperture  - cuel  to  the  antenna  spacing  d. 

From  (2) 


As  with  any  fixad  array,  the  beam  width  la  inversely  proportions!  to  cos  6  thus 


Beam  dwelt  • 


beesasidth 
rate  of  seen 


He  have  therefore  a  linear  array  scanning  over  90  with  a  polar  diagram  of  the  form  **°  x  and 

o.  * 

constant  beam  dwell.  The  rate  of  scan  ia  urlxaxt-d  and  ct  repeats  at  periods  To  -  — .  The  scan  is 

clockwise  or  counter-clockxise  according  to  the  ar,'sng'sent  of  the  modulating  frequencies  across  the 
array,  and  continuous  in  the  sense  that  as  a  scanning  beam  leaves  at  445°  another  bees  enters  at  -45°. 

At  this  point  in  the  scan  cycle  beams  exist  at  *43°  simultaneously. 

In  practice  the  modulation  is  carried  cut  et  I.F.,  -  Fig.  2,  rather  then  &.F.  ns  shown  in  Fig.  1, 
and  circuits  ere  included  in  each  I.F.  channel  to  allow  the  adjustment  of  gain  and  phase  across  the 
array.  It  is  usual  for  aperture  taper  to  be  applied  f&r  side-lobe  control  and  this  ia  allowed  for  in  the 
design  of  the  gain  control  circuit. 

Turning  now  to  array  efficiency,  let  us  examine  antenna  channel  r.  Normally  the  R.F,  bandwidth  is 
some  MHt  so  that  the  external  and  circuit  noise  bandwidth  greatly  excesds  tost  of  the  signal.  The  spectrum 
of  signals  and  noise  after  scanning  modulation  has  been  applied  is  as  shown  in  Fig.  3.  If  we  simply  add 
the  outputs  then  all  channels  will  contribute  noise  at  any  frequency  (u  ♦  a  )  and  the  output  signal  to 

noise  power  rctio  at  that  frequency  vill  be  S  times  worse  than  that  in  channel  r  alone.  For  optimum 
efficiency  we  must  include  a  filter  whose  bandwidth  is  matched  to  that  of  the  signal  before  combining  the 

outputs.  The  system  output  for  an  input  signal  to  noiss  ratio  of  is 

xii  .  ,m)l  .  Nvii 

Vn2  H(Vn) 2  Vn2 
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since  the  signals  aid  coherently,  and  the  aerial  gain  is  N,  the  number  of  primely  aerials  in  the  linear  array 

This  is  exactly  vhat  would  be  required  if  a  linear  array  could  be  rotated,  very  fast,  mechanically 
and  with  6  varyin2  as  in  equation  7.  Th«  individual  »!”•!»!<£  signs!”  “"“id  be  shifted  is  frequency  precisely 
as  in  the  electronically  scanned  arrangement,  and  filters  in  each  channel  would  be  required  for  optimum 
efficiency.  In  practice  mechanical  rates  ire  such  that  the  frequency  shifts  imparted  ere  very  much  leas 
than  the  signal  bandwidth,  consequently  producing  a  negligible  effect  on  efficiency. 

We  noted  in  Secticn  2  that  the  scanning  period  is  Tm  -  — ,  and  that  we  must  scan  at  the  Nyquiat 

Hi 

rate  to  extract  all  avai  lable  information.  The  basic  modulation  frequency  ti^  mist  therefore  be  equated  tv 

the  signs!  bandwidth  -  we  prefer  it  to  be  somewhat  greater  in  practice.  Tlie  scanning,  in  effect,  samples 

fm  l«n 

any  signal  from  a  direction  -6max  at  sc  •  tine  and  so  on  to  +6max  at  +  .  All  signals  are  sampled 

perfectly  and  the  array  is  able  to  resolve  signals  from  H  different  directions,  providing  N  simultaneous 
information  channels.  The  price  we  pay  is  in  post  scanning  bandwidth  which  is  necessarily  N  times  the 
signal  bandwidth,  i.e.  Nu^  as  shown  in  figure  1. 

3.  APPLICATION  TO  RADAR 

While  our  application  is  to  radar  it  is  worth  noting  that  the  array  described  may  be  used  for  any 
cosnunicution  system.  For  radar  Tm  is  matched  to  t  the  transmission  pulse  length  and  the  transmitting 
array  must  floodlight  the  required  surveillance  volume.  All  targets  are  scanned  once  per  pulse  length 
so  that  all  targets  at  all  ranges  are  sampled  during  one  repetition  period  (i.e.  from  zero  to  maximum 
range).  A  convenient  type  of  display  is  shown  in  Fig.  4  where  range  increases  vertically  and  angular 
direction  is  shown  horizontally,  la  this  raster  display  the  horizontal  scan  period  is  equal  to  the 
radar  pulse  length  and  the  vertical  is  the  radar  pulse  period. 

At  first  sight  it  may  appear  that  the  overall  system  is  deficient  in  performance  by  the  conventional 
transmitter  gain.  In  fact  this  is  not  so  because  a  return  echo  is  received  for  every  transmitted  pulse, 
whereas  itt  normal  radar  systems  we  receive  returns  only  when  the  transmitter  array  is  pointing  in  a  given 
direction.  Witt  within-pulse-scscning,  however,  we  must  integrate  the  received  signal  to  keep  the 
transmitter  power  to  a  reasonable  value  for  maximum  ran»e  targets.  In  theory  the  gain  from  integration 
exactly  matches  the  transmitter  array  gain  of  the  equivalent  mechanically  rotated  array  if  we  match  data 
periods.  In  practice  because  we  must  integrate  after  detection  there  is  some  loss  of  efficiency  in  the 
integration. 

A  more  basic  explanation  is  that  in  any  data  period  radars  of  equal  mean  power  illuminate  targets 
with  equal  energy;  in  vitbin-pulse-3can&ing  it  is  at  low  beam  power  over  the  whole  data  (integration) 
period;  with  a  rotating  array  it  is  at  high  beam  power  for  only  a  fraction  of  the  dnta  (seen)  period. 

The  loss  in  performance  caused  by  integrating  after  detection  is  counterbalanced  by  the  averaging 
of  target  returns  over  the  integration  period.  The  slow  fading  target  for  e  mechanically  rotated  radar  is 
equivalent  to  a  fast  fading  for  electronic  scanning  so  that  the  lower  integration  efficiency  equates,  more 
or  less,  with  the  fading  loss  and  the  overall  performance  ia  the  seme  for  both  systems. 

It  is  perhaps  appropriate,  at  this  point,  to  consider  the  properties  of  a  within-pulse-scanning 
radar  and  tc  see  what  advantages  or  disadvantages  it  gives.  First  of  all  it  provides  simultaneous  inform¬ 
ation  on  all  targets  of  interest.  The  data  rate  can  be  set  at  will  but  if  we  set  a  limit  on  mean  trans¬ 
mitter  power  we  must  integrate  for  long  range  targets.  As  the  target  range  reduces  the  amount  of 
integration  necessary  for  a  given  probability  of  detection  decreases  rapidly  sad  we  may  use  very  short 
data  periods,  down  to  the  limit  of  oue  pulse  period  at  very  short  range.  The  integration  time  as  a 

function  of  range  for  SOZ  probability  of  detection  and  10  false  alarm  probability  is  given  in  Fig.  5. 

Th,  M.T.I.  performance  will  be  very  good.  Electronic  scanning,  as  with  rotating  arrays,  can  impart 
target  echo  modulation,  but  by  proper  design  of  the  scanting  modulation,  that  is  by  making  the  radar 
p.r.f.  an  integral  number  of  electronic,  scanning  periods,  we  can  avoid  any  increase  in  spectrum  of 
clatter  signals.  By  so  doing  ve  cause  the  angle  sample  for  a  given  target  to  be  takeu  at  precisely  the 
same  point  on  the  pulse  envelope  and  the  antenna  appears  to  be  stationary  as  far  as  clutter  and  target 
are  concerned. 

We  pay  a  price  in  signal  processing  bandwidth  and  in  multi-channel  receivers,  but  the  cost  of 
the  latter  is  very  much  less,  being  at  small  signal  level,  than  in  any  system  having  combined  receiver 
transmitter  electronic  scanning.  The  transmitter  and  its  antenna  are  v;ry  simple.  With  the  ability  of 
now  building  very  cheap  integrated  circuits  we  feel  that  such  a  system  is  ccoj-owically  viable. 

The  antenna  array  being  stationary  can  be  made  large  and  angular  resolution  need  no  longer  be 
related  to  wavelength.  We  may  have  microwave  resolution  characteristics  at  metric  wavelengths  if 
required,  the  area  of  the  site  being  the  only  penalty. 

4.  SIGNAL  Ai5>  DATA  PROCESSING 

In  the  experimental  equipment  the  radar  pulse  length  selected  was  10  pS  to  keep  the  post  scanning 
bandwidth  at  a  value  appropriate  to  techniques  available  at  that  time.  Even  so  with  63  aerial  channels 
it  is  6.3  MHz. 

The  first  problem  with  Nyquist  rate  scanning  is  to  integrate  signals  received  over  the  data 
period  to  provide  reasonable  radar  effitiency  for  a  given  transmitter  mean  power.  In  practice,  this  means 
integration  over  the  period  during  which  a  target  can  be  expected  to  remain  within  one  resolution  cell. 

It  follows  that  vs  must  have  an  integrator  capable  of  working  at  about  6.3  KHz,  and  with  sufficient 
linearity  to  cover  the  integration  gain  expected.  In  the  experimental  installation  the  radar 
characteristics  were;- 
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Pulse  length  -  10  microseconds, 

P.ft.F.  -  500  Hz. 

The  ancenru  beaaiuidih  at  losing  for  amplitude  taper  for  sidelobe  control  Is  about  1.8°  or  50  beans 
pet  10  „Soes.  The  integrator  adopted  in  the  first  place  «as  a  conventional  direct  view  storage  tube  with 
the  circuits  adjusted  for  linear  integration  over  a  period  of  8  seconds,  that  is,  an  integration  over 
4000  prints.  The  requirement  of  50  resolvable  cells  in  azioith  and  200  in  range  is  net  easily,  but  rhe 
video  bandwidth  and  dynamic  range  requirements  were  quite  severe.  Experimental  results  suggest  that  ther> 
is  about  6  dO  loss  of  efficiency  in  the  integrator  compared  with  theoretical. 

Integration  on  the  D.V.S.T.  necessarily  brings  the  tube  background  to  some  low  intensity  and  chs 
signal  when  integrated  appears  as  a  light  spot  on  this  white  background.  Visual  acuity  sets  Ch?  limit  on 
detection.  The  relatively  low  efficiency  is  due  in  some  measure  to  the  poor  contrast  and  to  some  extent 
to  the  fact  that,  in  practice,  it  was  not  possible  to  drive  the  tube  hard  enough  to  produce  false  alarms 
without  at  the  same  time  causing  distortion  which  caused  even  greater  loss  of  efficiency. 

In  view  of  the  low  efficiency  of  the  D.V.S.T.  an  electronic  integrator  using  ultra-sonic  delay 
line  stores  was  developed.  A  block  diagram  of  the  device  is  shown  in  figure  6.  It  consisted  of  a  quartz 
delay  line  of  200  microseconds  operating  at  about  25  mega-bits  per  second.  The  video  signal  is  digitised 
at  the  input  ro  the  delay  line  and  re-constituted  at  the  output.  This  effectively  removes  cny  distortions 
imparted  during  one  circulation  through  the  delay  line  and  permits  indefinite  storage  of  signals,  if 
arrangements  are  made  for  re-circularisation.  We  see  from  the  block  diagram  that  the  delay  line  contents 
are  controlled  by  a  master  clock.  The  angle  scan  and  the  p.r.f.  of  the  radar  system  are  also  controlled 
by  the  sane  clock  so  that  the  position  of  any  sample  of  video  infarmetion  is  accurately  fixed  in  relation 
to  the  angle  and  range  infornatioa  provided  by  the  radar  system. 

It  will  be  noted  that  the  angle  scan  period  is  equal  to  the  pulse-width  of  10  microseconds,  and  that 
during  the  pulse-width  50  beams  are  scanned.  We  require-,  therefore,  50  video  samples  every  10  microseconds 
The  mode  of  operation  is  as  follows.  A  trigger  pulrc  delayed  on  the  transmitter  pulse  by  a  given  amount 
opens  the  integrator.  Video  signals  are  digitised  and  entered  in  the  delay  line  over  a  period  of  200 
microseconds  (20  range  quanta) .  The  inf ormati  'n  contained  in  the  delay  line  is  re-circulated  for  the 
remaining  > .8  oS  (9  x  200  ySecs) ,  when  the  next  video  input  is  again  digitised  over  a  period  of  200  micro¬ 
seconds  and  added  to  the  information  circulating  in  the  delay  line.  This  process  is  repeated  for  •  period 
of  8  seconds  when  the  delay  line  contents  are  read  out.  It  will  be  seen  that  the  integrator  accepts 
signals  over  any  20  mile  range  interval,  each  repetition  period  being  precisely  related  in  time. 

It  can  b tj  shown  that  hard  clipping  -  two  level  quantisation  -  introduces  a  loss  of  integration 
efficiency  of  1.9  dB,  a  small  price  to  pay  for  the  reduction  in  system  complexity.  With  two  level 
quantisation  1C  oits  are  required  to  integrate  4000  separate  samples.  The  ultra-sonic  store  was  capable 
of  operation  at  25  mega-bits  per  second  so  that  two  lines  in  parallel  provide  the  required  capacity. 

In  the  experimental  work  the  electronic  integrator  was  used  with  a  variable  trigger  delay  so  that 
an  assessment  cculd  be  made  of  the  system  performince  at  any  range.  In  practice,  twenty  integrators  would 
be  required  and  it  would  be  relatively  simple  to  set  the  integration  according  to  range  to  give  the  optimum 
data  rates. 

5.  RANGE  PERFORMANCE 

The  rsuge  performance  of  a  floodlit  system  depends  on  some  post-detector  integration  with  its 
associated  integration  lose,  which,  as  has  beta  stated  in  section  3  is  counterbalanced  by  the  averaging  of 
target  returns  over  the  integration  period.  The  object  of  the  range  performance  measurements  was  to 
confirm  that  this  averaging  of  target  returns  did  in  fact  make  up  the  integration  loss. 

A  series  of  flight  trials  wss  csrried  out  with  two  aircraft  having  scattering  cross-sections  between 
2.5  and  40  sq.m,  head  and  tail-on.  Radial  flights  were  carried  out  at  heights  consistent  with  the  vertical 
radiation  pattern  of  the  aerials.  The  presence  or  absence  of  a  target  return  was  recorded  at  30  sec. 
intervals  by  an  observer  looking  at  a  direct  view  storage  tube  which  had  i  known  integration  time  constant. 
The  results  are  presented  in  histogram  form  in  Fig.  7  where  the  percentage  of  detections  in  given  range 
intervals  are  plotted  for  the  four  different  scattering  cross-sections.  The  maximum  possible  number  of 
observations  in  any  range  interval  are  also  listed. 

la  order  to  assess  these  results  it  is  necessary  to  compare  with  the  theoretically  expected 
perfors--s-.ee .  Moat  of  the  radar  parameters  can  be  determined  with  reasonable  degree  of  accuracy  by 
s*z*sur«y<nts  on  the  actual  radar  and  values  inserted  into  the  radar  equation  to  calculate  maximum  range 
for  a  given  probability  of  detectiou  owl  false  alarm  rate.  ' t  was  not  however  possible  to  make  a  direct 
measurement  of  the  signal  to  noise  ratio  after  integration  by  the  storage  tube,  but  comparison  with 
measurements  on  tht  digital  integrator  indicated  that  vhea  a  target  detection  was  aade  the  signal  to  noise 
ratio  was  consistent  with  a  95Z  probability  of  detection  end  a  very  low  false  alarm  rate.  It  was  assumed 
in  the  calculations  that  the  fading  loss  vas  zero,  that  is  it  was  sss'tmed  that  the  s-gnal  aid  not  fade. 

The  expected  maximum  range  for  95Z  pd  sad  false  alar-s  time  of  60  min.  is  plotted  on  the  histograms. 
These  show  that  the  range  performance  of  the  radar  is  consistent  with  the  theoretically  predicted  value, 
and  consequently  that  the  integration  loss  facto;  is  counter  balanced  by  the  averaging  cf  target  returns 
o>-."r  the  integrat1»>n  jeriod. 

6.  MOVING  TtJ«ET  INDICATOR  PERFORMANCE 

For  a  Nyqoist  rate  seamier  where  the  angle  scan  and  prf  are  frequency  leaked,  the  MTI  performance 
ia  not  united  by  scan  modulation  as  with  a  common  transmit  receive  system,  »  A  the  removal  of  chi* 
limitation  becomes  important  for  a  radar  having  high  angular  resolution  sad  snort  data  interval.  A  range 
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gate  filter  (pulse  dopplcr)  system  was  utilised  with  the  experimental  radar  to  demonstrate  the  Ml'! 
performance  and  attempt  to  establish  the  areas  which  limited  the  MT1  performance. 

lhe  range  gate  filter  system  coveied  100  resolution  cells,  sufficient  for  experimental  puipunea, 
and  the  filter  response  was  such  that  at  near  zero  frequency  the  attenuation  was  about  70  dB  decreasing 
very  rapidly  to  zero  attenuation  at  about  65  Hz  which  is  just  over  one  tenth  of  the  unambiguous  frequency 
band  (0  to  500  Hz) . 

The  performance  tests  show  that  the  MT1  capability  of  the  radar  is  not  limited  by  scan  modulation 
and  clutter  atteni  etion  or  45  d3  or  better  has  been  measured  on  clutter  returns  within  the  scan  sector 
with  the  receiver  beam  scanning  at  100  kHz.  This  limiting  value  was  not  fundamental,  and  not  imposed  by 
the  scanning  frequencies  but  was  associated  with  random  phase  noise  introduced  at  the  pulse  modulator  of 
this  experimental  radar.  There  is  no  reason  to  suppose  that  the  limitations  to  performance  on  this  radar 
are  not  similar  to  those  of  a  conventional  radar  but  with  its  beam  stationary.  The  removal  of  the  scan 
modulation  limitation  is  extremely  effective.  For  a  conventional  system  having  a  dwell  time  of  10  m.sec. 
corresponding  to  5  pulses  per  target  the  maximum  clutter  attenuation  would  be  limited  by  scan  modulation 
to  about  15  aB  for  the  particular  filter  characteristic  described  here. 

7.  CONCLUSIONS 

The  techniques  described  give  the  possibility  of  high  data  rates  without  loss  of  efficiency  in  the 
utilisation  of  energy.  In  practical  applications  such  a  system  should  be  much  cheaper  than  electronically 
scanned  radars  using  common  transmit/receive  principles. 

There  is  no  loss  of  information  in  the  electronic  processing  end  the  designer  is  presented  vith  a 
different  set  of  constrsints.  The  techniques  nay  be  applied  with  an7  type  of  transmitter  modulation  - 
including  frequency  modulation  for  pulse  compression  applications.  It  offers  vary  good  M.T.I.  in  con¬ 
junction  with  high  angular  discrimination. 

There  are,  of  course,  penalties  to  pay.  It  is  a  one  way  side-lobe  system  and  special  attention 
oust  be  given  to  their  control.  The  high  data  rate  is  obtained  at  the  expense  of  signal  bandwidth,  which 
present  difficult  but  not  impracticable  signal  processing  problems. 
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PHASED  ARRAY  RADARS  FOR  AEROSPACE  APPLICATIONS 
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SUMMARY 

Phased  array  radars  have  been  contenders  for  aerospace  applications  for  many  years.  Until  recently, 
the  conversion  of  this  potential  into  competitive  equipment  designs  has  been  severely  limited  by  technol¬ 
ogy  and  cost  considerations. 

A  number  of  major  trends  have  now  emerged  that  point  the  way  to  highly  competitive  aerospace 
phased  array  radar  designs.  This  paper  highlights  these  trends  by  exploring  the  relative  roles  of 
operation^!  requirements,  system  designs,  science,  and  technology,  in  achieving  cost-effective  phased 
array  radar  designs. 


The- potential  advantages  of  phased  array  radars  for  aerospace  applications  have  been  wioely 
recognized  for  many  years.  Unfortunately,  the  conversion  of  this  potential  Into  competitive  equipment 
designs  has  been  limited  by  relatively  slow  rates  of  progress  in  a  number  of  critical  areas  of  technol¬ 
ogy. 

Curing  recent  years  several  major  technology  trei.dv  have  emerged  that  overcome  these  forrser 
limitations,  so  that  phased  array  radars  can  and  are  now  being  developed  as  cost-effective  solutions 
to  a  broad  spectrum  of  aerospace  problems.  This  paper  provides  a  system  perspective  of  these  current 
trends  in  phased  array  radar  design,  and  of  additional  trends  to  be  expected  in  the  future. 

Let  us  first  consider  the  role  of  life-cycle  costing  in  comparing  alternative  systems  for 
solving  defense  problems.  A  simplified  representation  of  the  process  used  to  select  a  minimum  cost 
system  is  suggested  in  Figure  1. 

Problems  to  be  solved  can  appear  initially  in  many  forms  -  ranging  from  a  formally  documented 
operational  req.il recent  to  informal  knowledge  of  unsatisfied  needs.  Early  in  the  game  the  natyre  of 
these  needs  have  to  be  defined  more  precisely  -  usually  In  terms  of  system  performance  requirements 
against  a  "threat"  model.  Initial  temptations,  seldom  resisted,  tend  toward  establishing  very  high 
levels  of  performance  against  worst  case  levels  of  threat,  that  Is,  the  number,  distribution  and 
speed  regimes  of  targets;  clutter,  chaff  and  ECU  levels,  etc.  In  response  to  the  performance  and 
threat,  so  defined,  various  fundamental  systems  for  coping  with  the  problem  are  postulated,  and  for 
each  such  system,  alternative  competing  equipment  embodiments  are  conceived.  AM  of  the  resulting 
equipment  designs  are  then  weighed  In  the  light  of  current  and  projected  technology,  including 
information  gained  in  prior  related  equipment  and  system  developments.  From  these,  considerations, 
Hfe-cycle-ccst  models  are  evolved  to  define  the  full  costs  to  the  military  for  developing,  producing, 
operating,  maintaining,  r-upporttng,  and  protecting  such  a  system  in  the  field  throughout  Its  life,  or 
for  some  fixed  period  of  time. 

initial  temptations  having  been  succumbed  to,  these  costs  are  usually  substantially  greater 
than  the  bounds  established  by  budget  constraints,  and  so  compromises  in  system  performance  and/or 
in  the  level  and  complexify  of  threat  become  essential.  While  some  elements  of  the  threat,  and  some 
performance  requirements,  cannot  be  changed,  other  elements  often  represent  desirable,  rather  than 
essential,  constraints.  Perturbation  of  these  variable  elements  of  performance  and  threat  begins 
the  second  turn  around  the  loop,  with  iterations  continuing  until  a  suitable  threat/performance/system/ 
equipment /cost  compromise  is  found,  or  until  It  becomes  apparent  that  the  performance  and  level  of 
threat  that  can  be  met,  does  not  meiit  the  cost. 

Sometimes  the  judgments  involved  in  these  dt-c’slons  become  a  matter  of  national  debate.  More 
often,  necessary  compromises  are  made  with  full  knowledge  thet  the  system  selected  i f.  not  the  ultimate 
answer  to  the  problem,  but  is  simply  the  best  answer  within  tiie  constraints  dictated  by  technology, 
the  national  economy,  and  national  and  military  priorities. 

During  the  past  twenty  years,  i based  array  radars  have  appeared  as  candidates  for  the  solution 
of  uany  different  problems.  During  most  of  this  period,  technology  limitations  have  worked  strongly 
against  the  success  of  these  systems.  Some  of  the  phased  array  proqrairs  initiated  during  the  period 
foundered  on  the  rocks  of  overly  optimistic  estimates  of  technology  capabilities  and  overly  complex 
system  designs  -  made  necessary  by  unrealistically  high  levels  of  assumed  throats.  Other  programs 
accepted  the  limitations  imposed  by  technology,  but  then  suffered  from  n  level  of  performance  that 
was  not  really  adequate  In  certain  critical  problem  areas.  One  of  the  tost  popular  compromises  was 
the  use  of  frequency  scanning,  a  technique  intrinsically  limited  in  bandwidth  and  susceptible  to 
modest  levels  of  electronic  countermeasures. 

During  recent  years,  the  phased  array  tschnology /performance  gap  has  slowly  closed.  As  a  result , 
high-performance  phased  array  radars  have  emerged  as  cost-effective  sensors  for  a  n usher  of  new  defense 
systems,  and  as  strong  contenders  for  many  future  defense  applications.  Many  of  these  new  radars  are 
based  on  variations  to  the  design  approach  depicted  in  Figure  2. 
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In  this  type  of  syvtem  a  single  aperture  Is  used  for  both  transmit  and  receive.  One  or  more  trans¬ 
mitter  tubes  are  used  to  generate  RF  powef ,  with  the  energy  from  each  tube  distributed  through  an  RF  feed 
to  a  multiplicity  of  hlgh-power  phase  shifters,  each  In  series  with  a  radiating  element.  Each  phase 
snifter  Is  controlled  by  a  phase  shift  driver,  with  the  driver  in  turn  controlled  by  commands  from  a 
centra!  oeam-steering  controller. 

In  radar  designs  raqui-lng  large  apertures  and  wide  bandwtdths,  the  overall  radar  vrray  Is  sub¬ 
divided  Into  a  number  cf  smaller  subarrays,  with  each  subarray  driven  from  a  '■ingle  transmitter  tube, 

Tne  phase  shifters  In  the  main  array  face  then  serve  to  steer  the  relatively  broad  subarray  patterns  to 
the  commanded  pointing  angle,  while  time-delay  units  in  series  with  the  coherent  exciter  signal  feeding 
each  transmitter  serve  to  fine  stee<-  the  narrow  overall  array  beam  to  the  precise  commanded  angle. 

The  function  of  the  time-delay  units  Is  to  compensate  for  the  differential  path  lengths  encountered 
by  energy  emanating  from  each  subarray.  If  technology  could  give  us  low-cost,  hlgh-power,  low-loss,  time- 
delay  units,  we  would  tise  them,  in  wide  bandwidth  systems  Instead  of  phase  shifters,  and  not  bother  with 
subarrays.  Since  such  units  are  not  yet  within  the  state-of-the-art,  we  use  available,  relatively  hlgh- 
loss,  high-cost,  designs  in  modest  quantities  and  at  low-power  levels  to  achieve  reasonable  b.-ndwldth 
capabilities,  even  with  large  apertures. 

The  subarray  approach  offers  advantages  even  in  moderate  bandwidth  applications,  where  fine  steering 
phase  shifters  can  be  used  Instead  of  time-delay  units.  The  advantages  stem  from  the  fact  that  comparably 
located  phase  shifters  In  each  subarray  receive  the  s,vae  steering  command.  This  feature  can  be  used  to 
minimize  the  cost  and  complexity  of  the  beam-steering  controller  and  the  subarray  ohase  shift  drivers. 

In  tome  smaller  aperture  systems  the  entire  radar  can  consist  of  a  single  tube,  feed  and  phase 
shifter  ar-ay.  In  these  applications  the  bandwidth  requirements  are  low  eno.xh  and  the  aperture  small 
enough  tltat  neither  tlme-deley  steering  nor  subarrays  are  needed. 

I  will  rot  attempt  here  to  show  all  of  the  variations  on  this  basic  theme.  The  point  to  be  made  Is 
that  tube-driven  radars  using  high-power,  low-loss  phase  shifters  following  the  transmitter  are  an  Important 
class  of  phased  arrays  that  have  only  recently  broken  the  cost/performance  barrier, and  that  will,  therefore, 
represent  a  major  trend  in  phased  array  design  for  at  least  the  next  decade.  Vte  car  expect  to  see  arrays  of 
this  type  implemented  Tor  land,  sea,  air,  and  space  application's"  In  the  years  ahead. 

Science  had  a  major  role  to  play  In  this  achievement  -  through  Improvements  In  tube  elements,  making 
possible  superior  transmitter  designs,  and  even  more  Important,  through  materials  research  that  pointed 
the  way  to  economical,  efficient,  hlgh-power  phase  shifters.  Technology  gave  us  the  actual  design  of  the 
transmitters  and  phase  shifters,  as  well  as  economical  hybrid  dtgital/analog  phese  shifter  drtvers;  compact, 
efficient  feeds,  and  superior  radomes  and  radome  phased  array  design  techniques.  Figure  3  Is  an  artist's 
concept  of  several  of  these  advances,  combined  In  a  portion  of  a  phased  array  radar  subarray  that  Is 
particularly  well  suited  to  aerospace  applications.  BF  energy  Is  distributed  through  a  very  shallow  depth 
feed  to  phase  shifters,  radiating  elements,  and  finally,  the  radome.  Figure  h  Is  a  photograph  of  an 
advanced  shallow  depth  phased  array  feed  that  has  been  recently  developed  at  RCA.  In  the  design  snown, 
energy  Is  distributed  to  32  phase  shifters  through  a  power  divider  that  Is  only  1  Inch  in  depth.  This 
comperes  to  conventional  design  techniques,  requiring  In  the  order  of  28  Inches  for  this  function. 

Figure  5  shows  a  single  phase  shifter,  one  of  the  32  that  fit  Into  the  feed.  The  radiating  element  that 
the  phase  shifter  feeds  Is  also  Illustrated  In  this  view.  Figure  b  shews  how  the  phase  shifters  are 
mounted  Into  tne  powe-  divider.  In  this  case  8  of  the  32  phase  shifters  are  In  position.  r!qure  7  pre¬ 
sents  the  complete  32-elemect  subarrav,  the  housing  Into  which  It  fits  (from  the  back\  and  the  radome  that 
covers  the  radiating  face. 

Technology  of  this  type  has  made  it  possible  for  us  to  move  from  the  large,  fixed  phased  arrays  of 
today  to  the  transportable  tactical  phased  arrays  of  tomorrow,  These  Improvements  are  by  no  means  complete. 
The  years  ahead  wlli  see  continuing  refinements  and  enhancements  of  this  class  of  system,  with  particular 
emphasis  on  system  productbllity  and  on  techniques  for  decreasing  both  hardware  and  software  costs. 

Signal  processing  and  data  processing  have  been  and  will  continue  to  be  significantly  advanced  as  part 
of  this  technological  progress  package.  Kore  about  this  later. 

Nature,  having  been  relatively  unkind  to  phased  arrays  for  twenty  years,  now  appears  to  have  de¬ 
cided  to  make  up  for  this  oversight  by  Inundating  us  with  a  burst  of  new  technology  -  some  of  It  directly 
benefiting  tube-driven  phased  arrays,  some  applicable  only  to  new  phased  array  design  concepts. 

Some  of  the  technology  pacing  the  new  array  design  trend  is  suggested  In  Figures  8  and  9.  Figure  8 
highlights  progress  In  solid  state  RF  power  sources  and  receivers,  while  Figure  9  shows  typical  oevlces, 
packaged  with  thsfr  associated  circuitry  in  hybrid  microwave  integrated  circuit  form.  Power  curves  are 
based  on  average  power  from  a  single  active  chip.  Typical  prwer  amplifier  modules  will  combine  In  the 
order  of  2  to  10  such  active  elements  on  a  single  substrate. 

in  coeparing  transistor,  bulk  and  avalanche  power  sources.  It  is  Imoortant  to  remember  that  In 
many  applications  transistors  cannot  be  operated  at  their  full  average  power  ratings,  due  to  system  duty 
cycle  constraints.  A  derating  factor  cf  f  to  10  Is  often  necessary,  depending  on  the  permissible  trans¬ 
mitter  duty  cycle.  Bulk  and  avalanche  sources,  on  the  other  hand,  generate  substantially  higher  peak 
than  average  power,  so  no  such  derating  Is  necessary. 

While  It  Is  very  difficult  to  tie  down  a  broad  view  o?  costs,  order  of  magnitude  figures  have  been 
Included  to  provide  a  rough  Insight  Into  the  problem.  The  p-x'nt  here  Is  that  If  the  cost  of  RF  power 
determined  the  cost  of  a  system,  solid  state  would  not  currently  be  In  the  running.  But  the  f«<ct  Ij  that 
completely  solid  stats  phased  array  designs  aie  becoming  Increasingly  competitive  In  many  ibut  certainly 
not  all}  applications  -  when  compared  on  a  i ife-cycle-cost  basis. 
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Figure  10  presents  a  typical  solid  state  phased  array  radar  design,  Illustrating  some  of  the  factors 
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element  Is  driven  by  a  phase  shifter  in  series  with  a  power  amplifier.  Some  tube  designers  feel  that  they 
will  be  able  to  compete  with  solid  state  power  amplifiers  In  this  type  of  duplexed  array,  but  the  trend 
here  seems  strongly  toward  solid  state.  In  a  conventional  tube-driven  phased  array,  in  the  order  of  half 
of  the  RF  power  Is  lost  on  the  way  to  the  radiating  element  -  In  the  feed  and  In  the  hlgh-power  phase 
shifter.  In  the  solid  state  design,  the  power  amplifier  drives  the  radiating  element  directly.  Losses  In 
the  feed  and  phase  shifter  occur  at  low  power  and  therefore  hav-'.  negligible  effect  on  efficiency.  Light¬ 
weight,  low  cost,  compact,  feeds  and  phase  shifters  become  feasible  in  exchange  for  losses  at  a  point  In 
the  system  that  does  not  significantly  effect  radar  performance.  In  the  conventional  tube  design  the  hlgh- 
power  phase  shifters  require  relatively  hlgh-power  drivers  to  set  them  on  command,  while  substantially  low¬ 
er-power,  higher-speed,  drivers  do  the  jab  In  the  solid  state  design.  This  Increased  switching  speed  Is 
of  particular  Importance  In  hlch-denslty  tracking  applications. 

In  the  conventional  tube  design,  all  of  the  power  lost  In  the  phase  shifters  has  to  be  carried  away 
by  an  Integral  cooling  system,  above  and  beyond  the  transmitter  cooling  requirements.  The  solid  state 
design  requires  cooling  only  for  the  solid  state  power  amplifiers.  In  lower  frequency  applications,  net 
solid  state  power  amplifier  efficiency  will  be  substantially  better  than  the  efficiency  of  a  convening  tube 
transmitter.  On  receive,  the  solid  state  system  amplifies  the  signal  before  It  passes  though  a  phase 
shifter.  This  minimizes  the  effect  of  phase  shifter  losses,  and  Introduces  a  really  exciting  new  flexibil¬ 
ity  In  our  handling  of  received  RF  signals.  Because  the  signals  are  amplified  Immediately,  they  can  drive 
a  variety  of  lossy  microwave  circuits  without  significantly  affecting  system  noise  performance.  Thus, 
lossy  microwave  time-delay  devices  such  as  microwave  acoustic-delay  lines  become  serious  long-term  con¬ 
tenders  to  replace  phase  shifters;  multiple  "receive"  beams  can  be  formed  simultaneously;  and  circuits  can 
be  so  configured  that  pilot  signals  received  from  anywhere  within  the  antenna  field-of-view  automatically 
point  the  antenna  beams  at  the  pitot  tone  sources. 

Tnlnk  about  the  rich  variety  of  antenna  designs  that  have  emerged  in  the  past  using  essentially  only 
passive  components.  As  these  new  active  RF  devices  evolve,  we  can  expect  m3ny  new  and  exciting  lrap;-ove“ 
ments  in  the  design  of  solid  state  antennas. 

But  this  is  only  part  of  the  tube  vs.  olid  state  story.  Figure  11  gives  an  overview  of  the 
relative  distributions  of  costs  in  a  typical  trade-off  between  two  such  systems.  It  has  uecome  clear  that 
the  actual  ilfe-cycie  costs  of  many  defense  systems  are  strongly  affected  by  the  ease  with  which  they  can 
be  operated,  maintained,  supported,  and  protected  in  the  field.  Reduction  in  the  number  of  military  per¬ 
sonnel  required  to  perform  these  functions  !s  an  area  of  great  potential  cost  savings  for  each  individual 
so  reduced  proportionately  decreases  the  service  personnel  and  facl lilies  needed  to  maintain  that  man  and 
his  functions  in  the  field.  The  most  intriguing  aspect  of  solid  state  phased  arrays  Is  thei«-  potential 
ability  to  meet  high  levels  of  threat,  while  simultaneously  requiring  substantially  less  field  su;port  due 
to  their  Increased  reliability,  compared  to  tube-driven  systems.  In  some  applications  these  cost  savings 
more  than  compensate  for  high  initial  solid  state  system  costs  -  but  not  in  ail  applications.  Solid 
state  is  not  a  panacea;  for  example.  It  is  not  yet  a  serious  contender  for  high-power  applications  at 
or  above  S-bend.  It  is  a  contender  for  high-power  applications  at  L-band  and  below,  and  for  low-pcwer 
applications  In  ail  Microwave  frequency  bends.  The  only  way  to  really  know  whether  a  solid  state  design 
Is  sensible  For  a  given  application,  is  to  go  through  preliminary  designs  of  the  best  competing  solid 
state  and  tube  approaches  for  that  use,  and  to  then  compute  their  relative  life-cycle  costs. 

A  technology  trend  of  importance  for  both  solid  state  and  tube  applications  is  illustrated  in 
Figure  12.  Me  can  expect  the  price  break  in  medium  and  large  scale  digital  arrays  that  is  currently 
being  projected  by  the  semiconductor  industry  to  have  a  significant  impact  on  phased  array  radar  signal 
and  data  processing.  In  signal  processing,  more  and  more  processing  functions  will  be  Implemented  in 
digital  form,  while  the  analog-to-digita)  conversion  function  will  move  progressively  up  the  RF  chain. 
Highly  adaptive  techniques  will  thus  become  sn  economic  reality,  as  signal  processor  action  comes  increas¬ 
ingly  under  programmable  software  control. 

The  structure  of  a  typical  high-speed-digital  signal  processor  Is  suggested  in  Figure  13.  For 
applications  involving  substantial  bandwidths  and  time-bandwidth  products,  conventional  digital  time- 
shared  data  buses  will  give  way  to  non-tlme-shared  networks,  switchable  under  computer  control.  Lxtensive 
paralleling  and  pipeline  processing  will  compensate  for  data  rate  limitations  of  individual  conversion 
and  computing  elements.  Many  variations  on  this  theme  are  to  be  expected.  For  example,  in  applications 
requiring  processing  of  only  a  limited  number  sf  range  celts,  it  will  be  possible  to  minimize  digital 
signal  processor  functions  by  loading  ana1og-Co>dtgItal  converter  outputs  into  high-speed  memory,  and 
then  using  the  system  data  processor  to  operate  on  these  data  at  iewer  speeds.  At  the  other  end  of  the 
spectrum.  In  some  applications  it  should  prove  feasible  to  digitize  data  directly  after  amplification 
at  the  antenna  receiving  elements,  rod  to  thereby  Include  antenna  beam  forming  as  part  of  the  digital 
signal  processing  function. 

The  flow  of  data  and  commands  between  the  signal  processor,  radar  controller,  system  data  processor 
ano  the  overall  radar  system  is  illustrated  In  Figure  14.  In  essence,  the  radar  controller  performs  all 
functions  necessary  to  match  the  signals  flawing  to  and  from  the  data  processor  to  the  rest  of  the  radar 
system. 

Data  processing  remains  a  major  problem  In  many  phased  array  radar  applications.  The  systems  of 
whtch  these  radars  are  a  part  often  require  reaction  times  that  make  almost  completely  automatic  operation 
essential.  For  demanding  applications,  establishing  the  computer  architecture  best  suited  to  the  threat 
is  a  major  problem.  Once  the  architecture  is  established,  developing  software  to  cope  with  the  constant¬ 
ly  shitting  spectrun  of  targets,  clutter,  chaff.  Jamming,  decoys,  interference,  etc.  is  a  really  aonu- 
Rental  undertaking.  We  can  expect  this  area  to  assume  incrwc«ing  importance  over  the  years,  with  a 
greater  share  cf  system  investment  goi-.g  Into  fer roving  real-L,  w  programming,  as  wilt  as  Into  developing 
the  programs  themselves. 
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for  cofrp lex.  applications,  data  processing  archl tecturc  Is  moving  toward  the  simultaneous  utiliza¬ 
tion  of  «  multiplicity  of  processors.  Figures  15  and  16  present  one  of  many  competing  architecture 
concepts'  In  this  area.  In  order  to  provide  some  Insight  Into  the  level  of  complexity  of  these  machines. 

The  computing  modules  showr  In  Figure  15  all  operate  under  control  of  an  executive  computer.  The 
executive  allocates  portions  of  the  data  processing  task,  to  Individual  modules,  and  establishes  appropriate 
data  routing,  consistent  with  these  tasks.  Adjacent  modules  communicate  through  local  data  exchanges, 
shite  all  modules  can  exchange  data  and  Instruction;  with  one  another  and  the  executive  oyer  time-shared 
data  and  Instruction  buses  It  is  possible  to  so  configure  hardware  and  software  for  this  system  that  the 
executive  function  can  be  assumed  by  any  module.  TMs  doesn't  do  much  for  the  ego  of  the  executive,  but 
It  does  quite  a  bit  for  the  reliability  of  the  o'ata  processor. 

Each  computing  module  consists  of  a  multiplicity  of  digital  processors,  as  shown  In  Figure  16. 

These  processors  can  communicate  to  their  adjacent  neighbors  within  the  module  and  to  tnetr  neighbors 
In  adjacent  modules.  In  the  example  shown,  a  total  of  16  processor  are  used  in  a  computing  module, 
while  16  computing  modules  are  combined  In  the  data  processor  -  a  total  of  256  computers  operating 
simultaneously  on  a  common  problem. 

There  Is  a  final  tiend  that  i  would  like  to  call  to  your  attention  -  the  need  for  multiple 
function,  multiple  frequency,  phased  array  antenna  complexes,  capable  of  servicing  all  of  the  antenna 
requirements  for  a  given  vehicle.  This  problem  Is  particularly  acute  In  aircraft,  spacecraft,  and  ships, 
and  In  certain  tactical  Army  applications  where  the  available  space  for  welt  situated  antennas  Is 
extremely  limited,  while  the  number  of  subsystems  requiring  antenna  access  Is  constantly  growing.  Expect 
a  trend,  then,  toward  unified  designs  of  the  phased  array  antennas  for  such  systems,  consistent  with 
the  frequency  and  time  conflicts  Intrinsic  in  any  time-shared  operation.  Such  conflicts  will  make  the 
utilisation  of  a  single  antenna  for  all  functions  extremely  difficult  when  a  multiplicity  of  systems  are 
involved  -  a  small  cluster  of  arrays  Is  a  more  likely  possibility.  There  is  every  reason  to  believe, 
however,  that  time  and  frequency  sharing  ef  phased  array  antennas  between  a  multiplicity  of  systems  will 
come  into  widespread  use  in  f>-«  years  ahead. 


fiEFEKEn^E 


Tills  approach  Is  closely  related  to  the  University  of  Illinois,  ILUAC  IV. 
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SUMMARY 


The  radiation  performance  of  a  phased  8-dipole  array  with  uniform  and  Dolph- 
Tchebycheff  excitation  and  a  16-dipole  array  with  a  cosine  aperture  distribution  is 
theoretically  studied  on  models  which  exclude  the  eleuent  coupling.  The  computed 
results  are  then  compared  with  measurements  thus  giving  some  information  on  the  dete¬ 
riorating  effects  of  mutual  coupling.  The  paper  deals  also  with  the  influence  of 
systematic  phase-errors  as  they  are  usually  obtained  by  digitally  approximating  a 
linear  phase  progression  along  the  array  aperture. 


1.  INTRODUCTION. 


The  paper  presents  some  theoretical  and  experimental  results  obtained  on  the 
study  of  linear  phased  array  antennas  with  a  uniform,  cosine  and  Bclpfc-TehebychefX 
aperture  excitation,  respectively.  The  study  was  initiated  t.o  acquire  tome  first  expe¬ 
rience  in  ths  radiation  and  impedance  performance  of  un  electronically  scanned  array. 


To  prevent  the  appearance  of  grating  lobes  in  wide-angle  scanning  applications, 
the  radiating  elements  must  generally  be  small  in  size  —  approximately  &  half-wave¬ 
length  in  cross-section  —  and  closely  spaced  1:o  each  other,  again  in  the  order  of  a. 
half-wavelength.  The  elementary  radiators  have  a  range  of  impedance,  pattern  and  pola¬ 
rization  characteristics.  However,  due  to  the  close  element  spacing  energy  Is  parasi- 
tically  transferred  from  the  neighbouring  elements  thus  causing  the  radiation  pattern 
and  the  impedance  characteristics  of  the  element  in  the  array  environment  to  differ 
markedly  from  that  of  ths  ieclated  element.  In  addition,  the  mutual  coupling  changes 
as  the  array  antenna  is  scanned  through  different  angles.  This  change  implies  that  the 
antenna  radiation  efficiency  varies  aa  the  scan-angle  changes.  Hence,  the  influence  of 
mutual  coupling  has  to  be  taken  into  account  if  a  true  picture  of  array  performance  is 
to  be  obtained.  In  general,  a  theoretical  array  model  greatly  simplifies  the  problem 
by  neglecting  the  mutual  coupling.  The  electrical  characteristics  of  the  elements  are 
assumed  to  be  constant  during  the  scanning  period  and  set  equal  to  the  Isolated  element, 
independent  of  its  location  within  the  array  configuration.  The  computed  results  thus 
obtained  will  certainly  differ  from  the  experimental  results  thus  giving  some  account 
on  the  degrading  influence  of  coupling  on  the  radiation  pattern. 


Apart  fro#  tne  radiation  characteristics  of  the  coupled  array  elements  the  elec¬ 
trical  properties  of  the  feeding  ast-erk  of  the  array  sntenna  have  also  an  essential 
influence  on  the  overall  performance  of  ihi;  antenna  system.  Due  to  the  varying  mismatch 
of  each  formerly  matched  isolated  element  when  put  in  a  phase- scanned  array,  fractions 
of  energy  are  reflected  back  toward  the  feed  structure,  thus  altering  the  phase  and 
amplitude  distribution  among  the  antenna  elements.  In  turn,  the  radiating  properties  of 
the  coupled  antennas  will  be  affected,  unless  provisions  are  made  to  eliminate  the 
element  coupling  through  the  array  feed  system. 


In  an  array  of  a  s-all  number  of  elements- the  laws  of  a  statistical  distribution 
and,  hence,  ca~  dilation  of  amplitude  and  phase  errors  of  the  aperture  distribution  do 
not  apply.  As  pointed  out,  such  errors  are  due  to  mutual  coupling.  Phase  errors,  how¬ 
ever,  are  also  introduced  due  to  a  phase  quantization  by  digitally  altering  the  phase- 
progression  along  the  aperture.  Using  a-bit  digital  phase-shifters  the  phase-pro¬ 
gression  along  the  array  aperture  is  correct  only  for  2tt+l  scanning  directions.  In 
order  to  increase  ths  number  of  beam  dixsetiona  the  desired  phase  function  may  then  be 
approximated  as  closely  as  possible  with  the  number  and  fineness  of  stops  that  are 
available.  It  is,  therefore,  of  vital  interest  for  en  antenna  designer  to  conclude  from 
the  kind  and  tho  dsgree  of  pattern  distortion  whether  amplitude  or  phase  errors  of  the 
array  excitation  are  prevailing.  Countermeasures  have,  then,  to  be  develop »&  to  mini¬ 
mize  these  errors. 


Answers  to  these  problems  of  mutual  coupling  and  array  excitation  are  sought  in 
a  theoretical  and  experimental  analysis  of  an  eight-element  linear  array  of  uniform 
and  Dolph-Tchobycbeff  aperture  distribution,  fed  by  a  corporate  microwave  network.  The 
radiating  elements  were  dipoles  printed  on  a  low-loss  dielectric  material.  The  phs as- 
shifting  was  performed  by  coaxial  trombones.  A  linear  array  of  sixteen  dipole  elements 
was  also  analyzed  and  built.  2ow»vor,  a  modified  apace-feed  system  was  used  to  ener¬ 
gize  ths  radiators.  Ferrite  phaee  shifters  were  applied  to  alter  the  phase  progression 
along  the  aperture. 
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2.  THE  8- ELEMENT  LINEAR  PHASED  ARRAI  WITH  UNIFORM  AMPLITUDE  EXCITATION. 


Provided  coupling  la  neglected  the  amplitude  pattern  cf  a  linear  array  of  n 
directive  radiating  elements  Is  given  by 

_  .  'r —  .  .  d  sinsT) 

C(^)  =»  P(^ )  /  |  A y  J  e  Jo  a  ( j ) 


where  ?(rf)  describes  the  pattern  of  the  elementary  radiator  of  the  array.  Ay  is  the 
amplitude  of  the  excitation  coefficient,  d  the  spacing  between  radiating  elements 
and  7t  the  wavelength  in  free-space.v  specifies  the  angular  position  of  observation. 

JF« is  tho  phase  difference  between  adjacent  equispaced  radiators  in  an  array  with 
linear  phase  progression  along  the  aperture.  By  altering  the  phase  delay  tho  main  beam 
is  deflected.  The  variation  of  tne  pattern  with  the  scan  angle  is  studied. 


Although  the  measured  module  of  the  coupling  coefficient  between  two  dipoles  a 
half-wavelength  apart  is  about  10  dB  in  the  3-plane  of  the  radiated  field  vector  and 
14  dB  «n  the  H-plane,  it  was  prsferred  for  the  experimental  verification  of  the  compu¬ 
tations  to  line  up  the  dipoles  in  the  E-plane  rather  than  in  the  H-plane  in  order  to 
obtain  o:ore  striking  resulte  due  to  the  higher  amount  of  coupling.  Id  addition,  the 
radiation  pattern  of  a  dipole  is  about  twice  as  much  directional  in  the  E-plane  than 
in  the  K-plane.  Thus,  any  beam  distortion,  side-lobe  level  end  Beam-pointing  error  due 
to  the  higher  directivity  of  the  dipole  pattern  and  the  higher  element  coupling  in  the 
E-plane  will  be  more  easily  demonstrated.  The  elementary  pattern  is  well  defined  by 


)  =  003(7"  Bin’?5} 


as  plotted  iu  Fig.  1  along  with  the  experimental  pattern. 


For  n-*8  dipoles  each  d=3>  apart  and  uniform  amplitude  excitation  the  broadside 
radiation  pattern  was  computed.  Fig.  1.  This  pattern  was  experimentally  well  verified. 
The  half-power  beamwidth  is  12.5°,  the  side-lobo  la  about  13  dB  below  the  maximum. 


The  comparison  between  theory  and  experiment  was  made  for  various  scan-angles. 
The  experimental  array  was  fed  by  a  corporate  feed  structure.  In  a  first  attempt  the 
power  splitting  was  performed  by  means  of  a  reactive  two-way  power  divider.  However, 
such  a  three-port  junction  cannot  b«  matched  simultaneously  when  locking  into  all  arms. 
Thus,  due  to  the  mismatch  of  the  coupled  radiatcrB  in  a  phased  array  antenna  multiple 
reflections  arose,  which  in  turn  deteriorated  the  formerly  uniform  amplitude  excita¬ 
tion  and  the  linearly  progressive  phase  distribution.  The  agreement  between  theory 
and  experiment  was  not  too  good.  An  improvement,  especially  of  the  side-lobe  level, 
was  found  with  a  corporate  feed  using  strip-line  hybrids  with  an  isolation  of  more 
than  40  dB  to  perform  the  power  division.  In  Fig.  2  th6  deflected  beams  at*v  =  23° 
andoT*  *  52°  corresponding  toj?0  =  6o°  and^0  =  150°,  respectively,  are  plotted.  The 
half-power  beamwidth  increases  up  to  about  19°.  The  radiation  pattern  becomes  vary 
asymmetrical.  The  side-lobe  level  increases  considerably  relative  to  the  peak-level  of 
the  deflected  beam.  The  gain  drops  by  about  6  dB.  Due  to  the  directivity  of  the  radia¬ 
ting  elements  the  beam  maximum  is  shifted  with  respect  to  that  of  an  array  of  iso¬ 
tropic  radiators.  Fory9  =  150°  the  angular  displacement  amounts  to  21  #  with  respect 
to  the  half-power  beamwidth. 


Although  mutual  coupling  is  present,  the  uniformly  excited  array  shows  a  good 
agreement  between  the  computed  and  the  measured  performance,  apart  from  the  far-off 
scan  angle  due  to  the  difference  between  the  theoretical  and  experimental  element 
pattern.  Probably  amplitude  and  phase  errors  induced  by  coupling  do  not  seem  to  have 
a  too  strongly  deteriorating  effect.  In  fact,  calculations  have  shown  that  small  ran¬ 
dom  phase  and  amplitude  errors  are  of  minor  importance.  More  serious  influence  on  the 
radiation  performance  of  the  phased  array  have  systematic  phase  errors.  For  the  theore¬ 
tical  analysis  a  systematic  phase  distortion  of  the  kind 

</(*)  =  (*-1}y>0  -  A^sin  (V-1)  f  (3) 

was  introduced  in  eq,  1,  where  L’f  defines  the  maximum  phase  error.  This  phase  varia¬ 
tion  describe*  an  alternating  zigzag-curve  around  the  linear  phsse  progression  4 9  Q. 

As  an  example,  in  Fig.  3  the  undisturbed  pattern  of  Q  =  90°  is  compared  with  tae 
corresponding  patterns  for£V-  10°  and&Cf  *  20°,  respectively.  The  deteriorating  effect 
of  a  systematic  disturbance  of  the  phase  progression  is  chiefly  restricted  to  the  sids- 
lobe  level,  especially  in  the  angular  region  opposite  to  the  scanning  direction.  For 
small  phase  errors  as  1GO  the  decrease  of  the  gain  is  negligible.  Jo.-;  a  phase 
error  20°  a  gain  drop  of  about  0.3  <1B  only  was  found.  This  behavioir  was  expe¬ 

rt  nentally  well  verified. 
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In  general,  a  linear  array  with, uniform  aperture  excitation  has  very  little 
practical  application  as  the  side- lobe  level  of  about  13  dB  is  too  high.  An  array  with 
a  **«•?•*  amplitude  exultation  of  the  aperture  has  better  chances.  As  an  example  an 
B-eleaent  array  with  a  Dolph-i'chebycheff  pattern  was  chosen  for  the  analysis. 


3.  THE  8-EIiEHEN?  LINEAR  ARRAY  WITH  DOLPH-TCHKBYCHEPP  RADIATION  PATTERN. 


It  was  expected  that  for  an  aperture  distribution  whose  properties  are  optimum 
in  tae  sense  that  it  will  produce  the  narrowest  beamwldth  for  a  given  side-lobe  level 
and  vice  versa,  the  radiation  properties  cf  the  linear  array  are  more  liable  to  be 
degraded  by  a  variation  of  the  amplitude  excitation  due  to  mutual  coupling  or  due  to  a 
misalignment  of  the  power  distributing  network.  In  fact,  a  random  amplitude  error  of 
the  aperture  excitation  up  to  1  &3  did  not  cau-ie  any  essential  pattern  deterioration  as 
shown  in  Pig.  4.  The  pattern  was  computed  and  measured  on  an  8-dipole  linear  array 
with  a  half-wavelength  element  spacing  and  26  d3  cide-lobe  attenuation.  A  severe 
pattern  deterioration,  however,  is  Introduced  by  phase  errors  of  the  aperture  excita¬ 
tion.  Before  the  radiation  pattern  in  Pig.  4  was  experimentally  obtained,  a  pattern 
with  shoulders  on  either  side  of  the  main  beam  was  measured,  Pig.  5.  This  principal 
defect  is  due  to  a  quadratic  phase  error  induced  by  coupling.  An  evaluation  of  the 
magnitude  of  the  quadratic  phase  error,  however,  did  not  improve  the  radiation  pattern. 
Again,  mutual  coupling  deteriorated  this  phase  compensation.  By  a  trial  and  error 
method  a  deliberately  induced  linear  phase  variation  of  about  25°  symmetrically  to  the 
array  normal  was  found  to  compensate  for  mutual  coupling  effects  on  the  phase  pro¬ 
gression  along  the  linear  dipole  array  aparture. 


This  phase  compensation  had  not  to  be  altered  within  a  scanning  section  of  about 
±  40°.  Hence,  it  may  be  concluded  that  the  phase  error  introduced  by  a  varying  mismatch 
during  a  scanning  period  due  to  mutual  coupling  is  of  small  order.  In  Pig.  6  the  com¬ 
puted  and  measured  patterns  for  two  phase  progressions  y>0  =  90°  and  *  120°,  respec¬ 
tively,  ore  plotted.  The  scanning  angle  and  the  side-lobe  level  agree  well,  however, 
the  power  level  of  the  computed  diagram  is  increasingly  lower  than  tha  measured  one. 

In  the  theoretical  analysis  the  elemental y  pattern  Pic/'1)  has  been  assumed  to  be  iden¬ 
tical  for  all  elements.  However,  as  measurement 8  have  Bhown  it  differs  considerably 
dependent  on  its  position  along  the  array,  Pig.  7.  The  isolated  dipole  has  a  higher 
directivity  than  the  dipole  centrally  positioned  in  an  8-element  array.  The  radiation 
pattern  of  the  edge  element  is  completely  distorted,  especially  the  side-lobe  level  is 
strongly  asymmetrical. 


A  systematic  phase  error  of  the  zigzag  form  described  in  the  previous  section 
results  In  a  severe  pattern  deterioration.  For  reasons  of  comparison  with  the  uniform 
illumination  the  asms  systematic  phase  variation  of  the  aperture  excitation  was  intro¬ 
duced.  Again,  for  Q  »  90°  the  pattern  is  plotted  in  Fig.  8.  The  gain  variation  is  cf 
about  the  same  order  very  small  as  for  uniform  illumination,  however,  the  side-lobe 
level  is  most  severely  asymmetrically  distorted,  even  by  small  phase  increments.  These 
results  agreed  also  very  well  with  the  measurements. 


4.  THE  16-ELEHENT  LINEAR  ARRAY  WITH  A  COSINE  AMPLITUDE  EXCITATION. 


lor  a  linear  array  of  small  element  number,  say  n  =  8.  a  corporate  type  of  feed 
structure  is  to  be  preferred.  The  two-way  power  division  network,  however,  becomes 
very  complex  for  a  higher  element  number.  An  alternative  solution  is  the  application 
of  the  space-feed  principle.  In  order  tc  efficiently  illuminate  the  collector  side  of 
the  antenna,  the  space-feed  had  to  be  modified  such  that  the  energy  leaving  the  pri¬ 
mary  feed  propagates  in  a  sectoral-horn  closed  environment.  However,  such  an  oversized 
waveguide  system  is  very  sensitive  to  the  excitation  of  high-order  modes  by  any  kind  o I 
asymmetries  like  the  varying  input  impedance  of  the  elementary  radiator  during  a 
scanning  period.  The  danger  of  high-order  modes  is  an  increase  of  tae  coupling  to  even 
far-off  positioned  array  elements.  In  addition,  at  certain  frequencies  and  scan-angles 
the  radiation  performance  of  an  array  fed  by  such  a  structure  will  be  drastically  al¬ 
tered  due  to  trapped-mod»  resonances.  By  the  insertion  of  mode-absorbers  which  have  a 
luast  effect  on  the  dominant  waveguide  mode  the  amount  of  high-order  modes  might  be 
greatly  reduced.  The  amplitude  excitation  of  such  a  feed  system  for  a  15-elsment 
linear  phased  array  with  nil  the  output  terminals  of  the  emitter  side  of  the  antenna 
system  terminated  by  a  matched  load  was  measured,  Pig.  9.  It  is  fairly  well  approxima¬ 
ted  by  a  cosine  type  of  aperture  distribution.  In  contrast  to  the  two  previous  array 
auteners  described  where  the  theoretical  analysis  was  baeed  on  ideal  models  of  the 
amplitude  excitation  and  of  the  elementary  pattern,  now  the  measured  amplitude  distri¬ 
bution  of  Pig.  9  and  the  measured  H-plane  radiation  pattern  of  the  isolated  dipole 
(Pig.  10)  were  fed  into  a  computer  and  the  radiation  pattern  of  the  array  antenna 
evaluated  for  various  scan  angles  and  systematic;  phase  errors,  using  sq.  1.  The  calcu¬ 
lated  ..roadside  pattern  of  &  16-dipole  linear  array  with  an  element  spacing  of  A  is 
presented  in  Pig.  10  and  compared  with  the  measured  one.  The  agreement  of  the  twin- 
lobe  pattern  is  good,  however,  even  after  the  compensation  of  an  initial  quadratic 
phase  error  due  to  mutual  coupling  it  was  not  possible  tc  lower  the  measured  side-lobe 
level  to  the  theoretical  value.  Due  to  tha  lack  of  a  high  isolation  between  the 
collector  elements  in  a  closed-environment  overnoded  waveguide  feed  structure  mutual 
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coupling  greatly  affects  the  power  rating,  especially  of  the  edge  elements.  la  fact, 
calculations  have  proved  the  increased  measured  side-lobe  level  being  essentially  due 
to  an  edge  illumination  of  about  10  dB,  a  value  of  about  ths  same  order  ss  ™es«u?«d 
without  the  mode-absorber  in  the  horn. 


Por„a  phase  progression  cf  /0  =  90°  and  "  112.5°  corresponding  toh^  =  30° 

and'i/  =•  39°,  respectively,  the  deflected  beams  were  computed  and  plotted  in  ?>. g.  11. 
The  comparison  with  the  experimental  patterns  discloses  as  a  most  striking  novel 
feature  an  angular  displacement  between  the  measured  and  calculated  main-lobe  pattern. 
This  performance  may  be  explained  by  a  variation  of  the  "effective*  element  pattern 
and/or  of  the  linear  phase  progression  along  the  array  aperture  due  to  mutual  coupling 
during  the  scanning  period.  The  baamwidth  end  the  gain  agree  well  with  the  computa¬ 
tions.  However,  the  side-lobe  level  varies  considerably,  the  degree  and  character  of 
variation  being  entirely  diiferent  for  two  beam  directions  only  a  few  degrees  apart. 
The  Increase  of  the  power-level  of  the  aide-lobes  ean  be  contributed  to  phase  errors 
which  3eets  to  have  some  systematic  character.  In  Pig.  12  the  deteriorating  effect  of 
a  systematic  phase  error  of  the  type  defined  by  eq.  3  witta&f*  11.5°  is  wall  demon¬ 
strated  on  the  computed  pattern  for  (f  -  56.23°. 


5.  CONCLUSION. 


An  agreement  between  the  experimental  and  computed  radiation  pattern  of  a  linear 
phased  array  of  small  element  number  was  found  for  a  tapered  aperture  excitation  only 
after  the  compensation  of  a  quadratic  phase  error.  This  phase  error  is  introduced  to 
the  linear  phase  progression  along  the  array  aperture  by  mutual  coupling  between  the 
radiating  elements.  An  array  feeding  structure  with  a  high  isolation  between  the  out¬ 
put  terminals  is  to  he  used  to  eliminate  any  additional  coupling  through  the  feed. 

A  systematic  phase  error  of  the  linearly  progressive  phase  excitation  of  the  array 
aperture  has  a  severely  deteriorating  effect  on  the  side-lobe  level. 


6.  ACKNOWLEDGEMENT . 


Grateful  acknowledgement  is  made  to  Mrs,  Begler,  Mr.  Hoermann  and  Mr.  Sieges 
for  their  valuable  contribution  and  helpful  cooperation  in  preparing  this  paper. 


17-5 


Fig.  I  Pattern  of  8-elemer.t  dipole  array  with  FiS-2  Uniform  excitation  of  8-dipole  array' 

uniform  excitation 


Fig. 3  Influence  of  systematic  phase  errors  Fig. 4  Dolph-Tchebycheff  pattern  of  f'-eiejoent 

dipole  array 


Fig. 5  Dolph-Tchebycheff  pattern  of  8-element  Fig.6  Dolph-Tchebycheff  excitation  of  8-dipole 
dipole  array  array 
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Fig.?  Influence  of  couoiini;  or.  dipole  pattern  Fig.8  st erratic  phaie  errors  on 

Dolph-Tchetycheff  pattern 


Fig. 9  Anpli tude  excitation  of  collector  array  ?i?* 10  Cotine  excitation  of  16-dipole  array 


Fig.ll  Cosine  excitation  of  16-dipole  array 


Fig.  12  Influence  of  aystenatic  phate  error 
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MICROWAVE  SOLID  STATE  POWER  SOURCE*-  rnt,  atbimibw?  piiA" IT)  aerayc 


Fred  Sterzer 

RCA  Electronic  Components 
Princeton,  Nsw  Jersey 

SUMMARY 

Several  cw  .solid-state  power  modules  for  airborne  phased  array  applications  are  described:  (1)  Hybrid 
integrated  L-band  modules  using  transistor  amplifiers  (P^j,  ~  30  watts).  (2)  Hybrid  integrated  5-band 
modules  using  transistor  amplifiers  followed  by  varactor  doublers  iPoax  ••■15  watts).  (3)  Coaxial  C-band 
modules  using  circulator-coupl -*d  negative  resistance  transferred  electron  amplifiers  (Pnax  **  1  watt). 

(4)  Coaxial  X~band  modules  using  circulator  coupled  negative  resistance  transferred  electron  and  Impatt 
amplifiers  (P^  —  0,5  watt). 

1.  INTRODUCTION 

The  amount  of  microwave  power  that  can  be  generated  with  solid  state  devices  is  now  sufficiently  high 
so  that  practical  solid  state  power  modules  can  be  bull*  that  are  suitable  for  a  variety  of  airborne  mic¬ 
rowave  phased  array  applications.  This  paper  will  describe  several  such  sources  currently  being  devel¬ 
oped  at  RCA's  Advanced  Technology  Laboratory  in  Princeton,  New  Jersey, 

2.  TRANSISTOR  AMPLIFIERS 

High-power  L-band  modules  using  microstrip  transistor  amplifiers  are  being  developed.  These  modules 
are  much  smaller  than  comparable  coaxial  modules,  yet  their  electrical  performance  is  similar  to  the  best 
that  can  be  achieved  with  cosxlal  modules. 

The  transistor  chips  used  in  these  modules  are  aounted  in  carriers  that  ar'  specifically  designed 
for  high-power  mlcrostrlp  circuits.  These  carriers  orovide  excellent  ‘•eat  conduction  from  the  chip  to 
the  metal  ground  plane  of  the  microstrip,  they  ace  as  impedance  transformers  between  the  c'lip  and  the 

microstrip  circuit,  and  finally,  they  are  so  small  that  several  carriers  can  be  placed  side-by-side  for 

paralleling  of  several  transistors  in  one  circuit.  An  example  of  an  amplifier  using  three  transistors 
ir.  parallel  is  shown  in  Fig.  1.  In  multi-stage  nodules,  the  following  performance  has  been  obtained 
at  L-band  frequencies:  Cain  »  23  dB,  1  dB  bandwidth  «  102,  CW  power  output  «  30  vatt3,  efficiency  *  402. 

We  expect  that  experimental  quantities  of  transistors  suitable  for  nultiwatt  power  levels  at  S-band 

frequencies  will  become  available  by  the  end  of  1970. 

3.  TRANSISTOR  DRIVEN  VARACTOR  DOUBLERS 

The  L-band  hybrid  integrated  modules  described  in  the  previous  section  are  being  used  to  drive,  hybrid 
integrated  varactor  doublers  to  produce  cw  power  outputs  of  15  watts  at  S-band  frequencies.  A  module  of 
this  type  is  described  in  Fig.  2. 

4.  TRANSFERRED  ELECTRON  AND  IMPATT  AMPLIFIERS 
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For  frequencies  above  S-band,  transferred  electron  and  impatt  amplifiers  are  currently  the  only  solid 
state  amplifiers  that  can  produce  cw  powers  in  the  watt  range.  The  construction  of  a  typical  transferred 
electron  device  that  can  produce  approximately  .1  watt  cw  at  C-  ard  X-band  frequencies  is  shown  in  rig.  3. 

Most  transferred  electron  and  impatt  amplifiers  are  circulator-coupled  negative-resistance  amplifiers. 
A  schematic  diagram  of  a  transferred  electron  amplifier  (TEA)  of  this  type  is  shown  in  Fig.  4. 

Coaxial  modules  using  transferred  electron  ana  impact  devices  ire  being  developed  for  C-  and  X-band 
frequencies.  Some  preliminary  results  are  as  follows: 

(a)  Single-stage  C-band  TEA:  Gain  «  B  dB,  bandwidth  «  3  5Hz,  CW  power  output  (1  dB  gain  com¬ 
pression)  «  250  mW,  CW  power  output  (5  dB  gain  compression)  **  1  watt. 

(b)  TWo-stage  C-band  TEA:  Cain  *  22  dB,  bandwidth  »  2  GHz,  CW  output  power  (1  dB  gain  com¬ 
pression)  «  250  oW. 

(c)  X-bar.d  TEA:  Gain  *  5  dB,  bandwidth  »  2  GHz,  CW  power  output  (2  dB  gain  compression)” 

500  mW.  (See  Fig.  5) 

(d)  Single-  :iage  X-band  impact  amplifier:  Gain  ”  5  dB,  bandwidth  »  1  GHz,  CW  output  power  • 

15C  mW. 

The  efficiencies  of  these  amplifiers  is  currently  only  a  few  percent.  However,  it  seems  likely  that 
by  the  er.d  of  1970,  average  power  outputs  exceeding  1  watt  will  be  achieved  with  efficiencies  exceeJing 
2C2. 


Figure  1  -  Photograph  of  a  hybrid  Integrated  L-band  translator  amplifier.  This  amplifier  has  a  gain  of 
8  dB,  a  bandwidth  of  ?.00  KEc,  a  cv  power  output  of  22  wctts,  and  an  efficiency  -anging  from 
*0  to  ASS.  (Courtesy  Ur.  E.  7.  Belonoubek  and  Dr.  D.  M.  Stevenson,  RCA  Electronic  Components, 
P  inceton.  New  Jersey.) 


Figure  3  -  Schematic  drawing  of  a  typical  transferred  electron  device  aoueted  in  a  actal-ceraeic  package. 

Devices  of  the  type  shown  in  the  drawing  can  produce  power  outputs  of  the  order  of  1  watt  cw 
at  C-  and  X-band  frequencies.  (Courtesy  Dr.  3.  Y.  Narayan  end  B.  S.  Perlman,  RCA  Electronic 
Components,  Princeton,  New  Jersey.) 
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Figure  2  -  Hybrid  Integrated  S-band  transistor  amplifier-varactor  doubler  power  module.  With  a  power 
Input  of  100  mW  at  L-band  frequencies,  this  module  produces  *1  power  output  of  l 'j  watts  cw 
at  S-bund  frequencies.  The  bandwidth  of  the  module  is  12%,  and  its  efficiency  ranges  from 
11  to  \U1,  (a)  Block  diagram  of  module.  (b)  Photograph  of  module.  (Courtesy  of  Dr.  1. .  1 
Belohoubek,  A.  Presscr,  and  Dr.  D.  M.  Stevenson,  RCA  Electronic  Components,  Princeton,  Nuv 
Jersey. ) 


Figure  5  -  Photograph  ot  an  X-bsnd  transferred  electron  module.  This  nodule  *>»s  a  gain  of  3  dB,  a  c* 
poier  output  of  500  nV,  and  a  bandwidth  of  2  OH*.  (Courtesy  3.  S.  . crlman,  R(  k  Electronic 
Components,  Princeton,  New  Jt  sey.) 
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LIGHIAV!  k.HT  PHASED  ARRAY  SYSTEMS 
FOR  AMBUKnE  AND  GROUND  EASED  APP!  ICATIONS 

M.  Simplon 
SEDCO  SYSTEMS  INC. 

Fnr'n;<-1p'blc,  New  York,  U.S.A. 


SUMMARY’ 

This  paper  discusses  the  design  and  performance  capabilities  of  several  different  types  of  Lightweight 
Phased  Array  Antenna  Systems  which  may  have  application  in  a  number  of  areas  such  as  forward  area  battlefield 
surveillance  radar,  air  traffic  control  radar,  lightweight  mortar  locator  systems,  airborne  weather, terrain  clearance 
and  terrain  avoidance  radars,  among  others.  The  system-1  to  be  discussed  fail  within  the  microwave  frequency  band 
of  1  to  IS  GHz.  Specific  design  and  comp*  .ent  selection  parameters  are  discussed  for  linearly  scanned  phased  array 
antenna  systems  optimized  for  operatior  in  various  portions  of  the  overall  frequency  band.  Antenna  models  in  the  S 
and  X  frequency  bands  were  fabricated  f  ad  tested.  Results  indicated  very  close  correlation  with  theoretical  pre¬ 
dictions  and  were  in  accordance  with  specification  requirements.  A  discussion  is  presented  of  the  critical  components 
used  In  these  antenna  systems  such  as  phase  shifters  (ferrite,  nonreciprocal  and  reciprocal,  and  diode),  and  antenna 
feed  systems.  The  allowable  errors  far  these  critical  components  are  analyzed.  It  is  shown  that  error  tolerances 
are  considerably  more  severe  titan  those  which  may  be  accepted  on  large  phased  array  systems.  It  is  also  shown 
that  antenna  performance  for  small  phased  arrays  can  be  substantially  superior  to  that  obtained  with  conventional 
dish  type  mechanical  antenna  systems.  A  description  is  given  of  the  electronic  beam  control  and  processing  system 
used  with  these  antennas  in  order  to  provide  scan  and  track  capability. 

1.  INTRODUCTION. 


A  program  v/as  initiated  by  Sedco  Systems  Inc.  in  May  1964  under  contract  with  the  U.  S.  Army  Electronics 
Command  at  Fort  Monmouth,  New  Jersey  to  investigate  the  design  and  fabrication  of  lightweight,  minimal  complexity 
phased  array  anten<<a  systems  for  use  as  part  cf  forward  area  surveillance  radar  systems.  A  number  of  radar 
systems  in  this  category  are  presently  in  use,  operating  in  various  parts  of  the  microwave  frequency  band  from 
L-band  through  K-oand.  It  was  therefore  determined  that  a  design  study  would  be  made  in  order  to  establish  the 
optimum  designs  for  various  portions  of  the  overoil  frequency  hand.  Following  the  completion  of  the  study,  antenna 
models  were  to  be  fabricated  at  X-baad  and  S-band  in  order  to  demonstrate  actual  performance.  The  objective 
specifications  which  were  to  be  used  as  a  guideline  in  the  proposed  designs  were  as  follows: 


a)  Electronic  Scan  range  - 

b)  Beam-width  - 

c)  Sidclobe  Level  - 

d)  Frequency  BanawidtL  - 

e)  Power  Level  - 

f)  Beam  Pointing  Accuracy  - 

g)  Automatic  Tracking  Accuracy  - 

h)  Weight  - 

i)  Scan  Rate  and  Power  - 


y  60  degrees  ia  azimuth,  fixed  in  elevation, 
Azimuth  -  1  to  5  degrees 
Elevation  -  5  tc  20  degrees. 

20  db  or  less  in  both  planes. 

109c  tunable,  10  Mbz  instantaneous. 

100  Kw  peak,  100  watts  average. 

1/30  of  a  beamwidth. 

1/20  of  a  beamwidth. 

20  pounds  objective. 

0  to  15  cps;  10  watts. 


The  phased  array  antenna  systems  describ:  d  below  represent  some  of  the  specific  results  of  this  program. 
These  systems  iiave  been  fully  tested  and  delivered.  They  have  been  found  1°  be  generally  in  accordance  with  the 
objective  specifications.  The  weigh*  of  the  experimental  model  antenna  systems  lias  l>oen  in  the  range  of  60  pounds. 
Approximately  one-third  of  this  weight  may  be  eliminated  as  a  result  of  productization  and  the  use  of  lighter  weight 
materials.  The  other  major  specifications  have  been  achieve;  . 


2,  PRINCIPLE  OF  DESIGN 


The  basic  design  of  the  phased  array  antenna  systems  developed  in  this  program  involves  the  use  of  a 
parallel  fed  phase  shifter  scanned  array  operating  at  csso.  dally  a  fixed  (but  tunable)  RF  frequency.  A  schematic 
representation  of  this  type  of  system  is  shown  in  Figure  1,  This  type  of  design  was  chosen  over  the  so-called 
frequency  scanned  system  since  it  may  be  readily  adapted  to  conventional  fixed  frequency  radar  receivers  and 
transmitters  and  provides  maximum  efficiency  and  minimum  use  of  the  already  crowded  RF  spectrum. 

A  quick  examination  of  the  diagram  given  in  Figure  1  indicates  that  the  antenna  system  contains  several 
major  elements,  namely,  the  antenna  feed,  the  electronic  phase  shifter  group,  the  radiator  group,  and  the  electronic 
control  system.  The  latter  clement  is  actually  comjiosite  of  several  subsystems  such  as  the  lx.-am  steering 
control  system,  the  programmer  ar.d  logic  system,  the  operator  interface  providing  such  functions  as  antenna  scan 
sector  control,  scan  rate  pontrol,  frequency  selection,  and  mode  control,  i.e.  manual,  scan  or  track.  In  addition, 
the  electronic  control  system  may  include  an  indicator  providing  beam  position  in  either  CRT  or  digital  output  format. 

One  of  the  most  important  considerations  in  the  design  is  the  efficiency  of  the  system.  For  a  given  aperture 
efficiency,  determined  primarily  by  the  required  near  in  sideiobc  level,  the  overall  efficiency  will  then  be  determined 
by  the  additional  losses  in  the  system  between  the  transmitter  output  connection  and  the  a  ttenna  radiators.  All  of 
the  RF  elements  in  the  antenna  contribute  tc  this  loss.  However,  the  one  element  which  frequently  provides  the 
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greatest  contribution  to  reduction  m  antenna  efficiency  Is  the  electronic  phase  shifter.  In  addition,  this  element 
also  dissipates  (««er  .iui  mi;  £m-  vvutav  luitvM  an  scanning.  Furthermore.-  it  •»  m«l  in  relatively  larce  Quantity, 
generally  equal  to  the  number  of  radiators,  an;l  contributes  substantially  to  the  overall  cost  of  the  antenna  system. 

It  therefore  must  lie  given  special  consideration  in  the  course  of  the  antenna  design. 

The  design  study  indicate:!  that  considerations  of  maximum  efficiency  and  minimum  size  and  weight  dictate 
differences  in  design  for  different  parts  of  the  microwave  irequeney  band.  In  particular,  the  design  of  the  antenna 
feed  system  and  the  electronic  phase  shifter  is  definitely  determined  by  the  particular  frequency  band  of  operation. 
As  an  example,  at  the  higher  end  of  the  microwave  frequency  band  (C-band  aud  above),  waveguide  feeds  and  ferrite 
phase  shifters  tend  to  provide  maximum  efficiency  and  minimum  weight.  Cn  the  other  hand,  in  the  lower  end  of  the 
microwave  spectrum,  striplinc  feeds  and  digital  diode  phase  shifters  provide  s  greater  net  improvement  in  the 
efficiency-weight  factor.  The  antenna  systems  described  below  provide  definitive  implementation  of  lightweight, 
low  cost,  high  efficiency,  phased  array  antennas  suitable  for  use  In  portable  ground  radar  systems,  cs  well  as  air¬ 
borne  radar  systems. 

3.  DESCRIPTION  OF  X-BAND  AIRBORNE  WEATHER  RADAR  ANTENNA  SYSTEM 

This  antenna  was  developed  by  Sedco  Systems  Luc.  under  the  aforementioned  contract  with  the  U.  S.  Army 
Electronics  Command,  Fort  Monmoutn,  New  Jersey,  for  the  purpose  cf  being  used  with  an  airborne  weather  radar 
system.  A.  photograph  showing  the  antenna,  the  electronic  beam  steering  programmer  and  the  pilot's  control  unit 
Is  shewn  in  Fig>  -e  2.  This  antenna  has  an  aperture  dimension  of  24"  x  10"  and  provides  a  3  db  beamwldth  of  4  de¬ 
grees  In  azimuth  and  9  degrees  in  elevation.  The  antenna  is  capable  of  electronic  scanning  in  the  azimuth  plane 
within  a  pilot  adjustable  sector  of  ■_  45  degrees.  The  antenna  may  be  mechanically  oriented  in  the  elevation  plane 
within  an  angle  of  15  degrees  by  a  servo  actuated  pilot  control.  The  electronic  scan  rate  is  adjustable  within  the 
range  of  1  to  12  eps. 

The  basic  design  of  this  antenna  is  similar  to  that  shown  in  Figure  1.  A  novel  parallel  plate  feed  system  is 
used  to  deliver  the  input  signal  to  32  phase  shifter-radiator  elements  and  provide  the  desired  cosine  amplitude  taper  - 
Each  phase  shifter  radiator  assembly  consists  of  a  J-shaped  waveguide  section  incorporating  a  flux-transfer,  latch¬ 
ing  ferrite  phase  shifter.  The  output  of  this  member  is  coupled  through  a  coax  transition  to  a  10-way  stripline 
unequal  power  divider  whose  outputs  are  in  turn  coupled  to  a  10-element  radiator  assembly.  A  photograph  of  the 
phase  shifter -radiator  assembly  is  shown  in  Figure  3.  This  photograph  also  shows  the  electronic  driver  which 
provides  the  desired  phase  shift  control  signals  to  the  ferrite  phase  shifter.  Thin  driver  is  designed  as  a  printed 
circuit  plug-in  assembly  which  may  be  replaced  by  removing  the  top  cover  of  the  antenna  assembly. 

Phase  and  amplitude  errors  across  the  anteunr.  aperture  affect  the  RMS  sidelobe  level,  the  beam  pointing 
accuracy  and  to  a  smaller  extent  the  antenna  gain.  The  specific  relationships  that  apply  are  as  follows; 
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ratio  of  actual  gain  to  error-free  gain 
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total  mean-square  error  (.'i  *  8  ) 
mean-square  amplitude  error 
mean-square  phase  error 

The  RMS  si  lelobe  level  Is  given  bv: 

5.  L. „  „  c  -  6  r  (for  cosine  illumination) 
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where  Aj,  =  relative  voltage  at  the  nth  radiating  clement 

N  =  total  number  of  elements 

The  RMS  pointing  error  is  given  by: 


rf  -  Cl  -iL  .{BW) 
°e  -  ir  /n7 


where  rfa  ~  -me  pointing  error 

(J^  =  rms  phase  error 

FV  =  3  Hh  boamwftUh 

Ne  =  effective  number  of  elements  (0.81  N  for  cosine  distribution) 

It  can  be  seen  that  the  acceptable  RMS  phase  error  is  directly  proportional  10  the  square  root  of  the  number  of 
anienna  elements  for  a  given  sidelobe  and  beam  pointing  accuracy  requirement.  This  implies  a  substantial 
increase  in  performance  capability  for  phase  shifters  used  on  small  phased  arravs. 

Typical  performance  characteristics  of  tills  antenna  are  shown  in  Figures  4  and  5.  Figure  4  shows  a 
composite  of  a  series  of  azimuth  antenna  patterns,  electronically  scanned  within  the  range  of  45  degrees  from 
boresight  at  intervals  of  approximately  2  beamwiddis.  it  may  be  seen  that  the  peak  sidelobe  recorded  on  any  of 
these  befjn  patterns  is  24.5  db  down.  This  demonstrates  the  extremely  low  value  o:  phase  error  across  the 
aperture  throughout  the  electronic  scan  range.  Figure  5  shows  an  elevation  beam  i/oiern.  In  this  case  the  sidelobe 
level  19  26  db  down. 

The  antenna  gain  is  28  db  at  9.375  GHz.  The  total  loss  in  the  antenna  is  less  than  2.5  db.  Of  this  loss 
1  db  is  contributed  by  the  10-way  elevation  stripline  power  divider  and  slightly  less  than  1  db  by  the  ferrite  phase 
shifter.  The  ferrite  phase  shifter  used  in  this  antenna  is  a  flux-transfer,  nonreciprocal,  latching  phase  shifter 
developed  by  Sedco.  It  is  a  highly  efficient  unit  having  a  loss  of  less-  than  1  db  and  automatic  temperature  compen¬ 
sation.  The  phase  shift  is  obtained  by  applying  a  coos  tint  amplitude,  variable  width  pulse  signal.  This  is  based  on 
the  fact  that  the  differential  phase  shift  is  diis^ly  proportional  to  the  differential  flux,  which,  by  tne  application  of 
Faraday's  Law,  is  as  follows: 

A$  =  j E  dt 

For  constant  voltage  this  may  be  written  as: 

A  <t>  =  EAt 

The  differential  phase  shift  may  therefore  be  continuously  varied  in  an  analog  fashion  by  applying  constant  amplitude, 
variable  width  pulses  from  the  driver  circuit.  Moreover,  variations  in  insertion  phase  between  phase  shifters  may¬ 
be  eliminated  by  the  application  of  an  initial  bias  signal  to  the  phase  shifter  driver. 

A  curve  showing  the  linear  relationship  between  phase  shift  and  pulse  width  Is  shown  in  Figure  6.  The  loss 
characteristic  of  this  phase  shifter  is  given  in  Figure  7.  The  high  degree  of  temperature  stability  is  obtained  by 
operating  the  phase  shifter  below  ice  region  of  ferrite  saturation.  Thus  the  normal  variation  of  ferrite  saturation 
magnetization  with  temperature  will  not  affect  the  differential  phase  shift  of  the  unit  even  with  relatively  inexpensive 
ferrite  materials.  A  plot  of  differential  phase  shift  vs.  temperature  is  given  in  Figure  8. 

The  weight  of  this  antenna  is  approximately  40  pounds.  It  je  expected  that  productization  and  jsc  of  lighter 
weight  materials  can  bring  the  weight  down  to  approximately  25  pounds.  The  unusually  high  performance  capabilities 
of  this  anteima  make  it  extremely  attractive  for  various  airborne  applications,  such  as  weather  radar,  terrain 
clearance,  and  ground  target  surveillance  and  tracking. 

4.  DESCRIPTION  OF  X-BAND  FORWARD  AREA,  INERTIALESS  SCAN,  SURVEILLANCE  RADAR  ANTENNA 

This  antenna  is  designed  to  provide  insrtialess  scanning  in  the  azimuth  plane  within  a  controllable  sector 
up  to  +  GO  degrees.  Since  the  radar  system  must  operate  at  very  short  ranges,  it  is  not  desirable  to  use  non- 
reciprocal  phase  shifter  elements  which  require  switching  between  the  transmit  and  receive  mode.  Consequently 
the  phase  shifters  used  in  this  antenna  are  based  on  a  novel  Sedco  design  of  a  reciprocal  latching  ferrite  phase 
shifter.  This  unit  was  developed  by  Sedco  as  pari  of  a  separate  RS.D  contract  with  the  U.  S.  Army  Electrodes 
Command  at  Fort  Monmouth,  Hew  Jersey. 

A  photograph  of  this  antenna  is  given  in  Figure  9.  Tbs  design  of  this  antenna  is  similar  to  that  of  the  air¬ 
borne  antenna  described  previously,  with  the  exception  that  this  anienna  contains  S2  phase  shifter  radiator  elements, 
providing  an  aperture  width  of  42"  and  an  azimuth  half-power  beamwidth  of  2  degrees.  The  aperture  height  is  10", 
providing  sn  elevation  half-paw.  er  beamwidth  of  9  degrees.  A  parallel  plate  feed,  similar  to  that  of  (be  airborne 
antenna,  is  used,  having  appropriately  larger  dimensions  corresponding  to  the  larger  number  of  elements.  In  order 
to  maintain  the  required  rigidity  in  the  feed  without  the  need  for  excessive  stiffening  elements,  use  is  made  of 
aluminum  honeycomb  panels  which  have  a  v  ry  high  stillness  to  n-eight  ratio. 

As  indicated  above,  the  phase  shifters  used  in  this  antenna  are  reciprocal  latching  devices.  These  phase 
shifters  are  incorporated  hi  a  J  waveguide  section  similar  to  that  used  in  the  airborne  antenna  described  above.  A 
photograph  of  the  reciprocal  latching  phase  shifter,  similar  to  that  used  in  thi3  antenna,  is  shown  in  Figure  10.  The 
overall  dimensions  o:  this  device  are  similar  to  those  of  the  uoaroclprocal  nhase  shifter.  However,  it  contains  a 
completely  different  type  of  ferrite  element,  namely,  a  double  toroid,  longitudinally  mugneti-ed  element.  In  view 
of  the  complete  electrical  symmetry  in  this  device,  reciprocal  differential  phase  shift  Is  obtained.  The  latching 
characteristic  of  the  phase  shifter  results  in  the  need  for  electronic  drive  power  for  the  purjiose  of  beam  scan 
which  is  directly  a  function  of  the  beam  switching  rate  and  ia  independent  of  the.  radar  pulse  repetition  frequency. 
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Hr-  plus,-  .shifter  .truer*  an  .sm.iiar  to  these  use«i  in  the  airborne  antenna,  namely,  printed  circuit  plug-in 
assemblies  which  are  inserted  m  removing  the  top  cover  c-  the  artenna  array. 

the*  antenna  lias  a  provision  for  automatic  tracking  in  addition  to  continuous  scan.  In  the  automatic 
tracking  mode  die  antenna,  upon  dote-  tion  of  a  target,  will  automatically  lock  on  and  maintain  track  to  an  accuracy 
of  at  least  f  20  of  a  bcamwidth,  or  1  minutes  of  arc.  A  photograph  of  the  tripod  mounted  antenna  and  the  elec¬ 
tronic  beam  control  unit  is  giver,  in  f  igure  11.  In  addition  to  the  adjustable  scan  sector  width  controls  provided  by 
thumbwheel  dials,  the  beam  control  unit  contains  two  types  of  readouts,  tea  is  a  3-digit  Nixie  tube  display  which 
provides  azimuth  beam  position  within  a  _  GO  degree  sector  to  an  accuracy  of  0.1  of  a  degree  during  the  track  mode 
of  operation.  In  addition,  a  track  error  meter  prov  ides  an  additional  order  of  magnitude  of  accuracy  in  beam 
position,  namely,  to  an  accurac.v  of  0.01  degrees.  ’Ibis  system  is  designed  primarily  for  detection  and  tracking 
of  moving  ground  targets  and  is  normally  used  with  an  MT1  type  radar  system. 

The  antenna  feed  is  provided  with  a  two-channel  monopulse  input  which  is  connected  to  a  conventional 
duplexer  monopulsc  radar  receiver.  The  monopulse  error  output  of  the  radar  receiver  and  the  sum  channel  output 
arc  connected  to  the  error  anti  detection  inputs  of  the  beam  control  unit.  This  completes  the  feedback  loop  and 
I'crmits  the  antenna  to  provide  automatic  target  tracking.  The  azimuth  scan  rate  of  the  antenna  is  adjustable 
between  0  and  13  cps  within  any  part  ii  the  azPruth  sector  of  30  degrees. 

A  complete  set  of  tests  has  been  ccnductcd  on  this  antenna  prior  to  delivery’.  The  results  of  these  tests 
have  shewn  that  the  antenna  rms  sldclobe  level,  beam  pointing  and  tracking  accuracies  are  in  conformance  with  the 
specification.  The  tripod  mount  permits  mechanical  adjustment  of  the  antenna  within  360  degrees  of  azimuth  and 
approximately  30  degrees  in  eievation.  This  type  of  antenna  system  may  be  used  for  many  ground  based 
applications  with  existing  radar  systems  while  providing  a  significant  enhancement  of  capability  in  multiple-target 
surveillance  and  tracking  accuracy. 

5.  DESCRIPTION  OF  S-BAND  FORWARD  AREA  INERTIALESS  SCANNED  SURVEILLANCE  RADAR  ANTENNAS 

An  antenna  designed  for  S-band  operation  was  also  fabricated  as  part  of  this  program.  A  photograph  of 
this  antenna  is  shown  in  Figure  12,  Although  the  general  characteristics  of  this  antenna  are  similar  to  those  of  the 
X-band  antenna  previously  dcscrlhcd,  there  are  a  number  of  significant  differences  in  the  design  of  the  two  systems. 
The  S-band  antenna  consists  of  30  elements  providing  a  horizontal  aperture  of  5’  and  an  azimuth  half-power  beam- 
width  of  5  degrees.  Each  element  consists  of  an  aluminum  dip  brazed  assembly  of  4  radiators  having  a  height  of 
15"  and  providing  a  vertical  half-power  fceamwidth  of  20  degrees.  A  etripllne  board  containing  a  4-bit  diode  phase 
shifter  and  a  4-way  unequal  power  divider  is  mounted  alongside  each  radiating  element.  The  Inputs  to  the  diode 
phase  shifters  arc  connected  by  a  stripline  unequal  split  corporate  feed  assembly.  Two  such  feed  networks  are 
used,  one  for  each  half  of  the  antenna.  The  inputs  of  these  corporate  feeds  are  connected  to  a  stripline  hybrid  in 
order  to  provide  a  sum  and  difference  mrnopvlse  output  which  may  be  used  with  a  conventional  monopulse  radar 
receiver-transmitter  for  the  purpose  of  automatic  tracking. 

It  may  be  seen  in  figure  12  that  the  electronic  beam  control  unit  is  the  same  as  that  used  in  the  X-band 
antenna  previously  described,  in  fact  it  is  the  same  unit,  the  design  of  which  is  such  as  to  operate  satisfactorily 
with  either  the  ferrite  scanned  X-band  antenna  or  the  diode  scanned  S-band  antenna.  The  beam  control  unit  there¬ 
fore  is  in  general  capable  cf  operating  with  tbs  two  major  types  of  phased  array  antenna  systems. 

A  schematic'  representation  of  the  4-bit  diode  ithase  shifter  and  4-way  power  divider  le  given  in  Figure  13. 
The  phase  shifter  contains  4  stripline  hybrids  and  5  PIN  diedes.  Each  bybnd  and  diode  pair  comprise  one  of  the 
phase  shifter  bits  and  in  effect  switch  the  corresponding  differential  phase  shift  in  and  out  of  the  system.  Since 
the  minimum  bit  is  22. 5  degrees,  the  quantizat  ion  error  will  reach  the  maximum  value  of  11. 25  degrees.  Since 
the  antenna  contains  a  total  of  30  phase  shifter-radiator  elements,  the  effect  of  this  quantization  error  limits  the 
rms  sldelobe  level  to  a  value  cf  29  db.  if  a  smaller  number  of  bits  were  used  in  the  phase  shifter,  this  effect 
would  be  substantially  more  severe  and  would  seriously  deteriorate  the  antenna  performance. 

The  4 -wsy  stripline  unequal  power  divider  is  designed  to  provide  a  Tcbebycheff  distribution  in  the  elevation 
plane.  This  distribution  provided  an  elevation  sidelobe  level  of  23  db. 

The  extensive  use  of  stripline  networks  permitted  the  attainment  of  a  very  efficient  form  factor.  The 
overall  antenna  dimensions  are  5’  wide  x  15"  high  x  6"  deep.  The  weight  of  the  antenna  is  approximately  60  pounds. 
An  additional  technique  that  was  used  In  the  mechanical  design  permits  the  antenna  to  be  separated  in  two  parts 
across  the  long  dimension.  This  permits  the  antenna  to  be  easily  carried  since  each  half  has  the  dimensions  of 
a  relatively  small  sized  suitcase. 

The  performance  characteristics  of  this  antenna  are  similar  u>  those  of  Ihe  X-band  antenna  described 
previously.  It  has  the  same  capability  for  electronic  scan  and  automatic  track  within  a  sector  of  +  60  degrees. 

Since  the  same  electronic  control  system  is  used,  ail  of  the  controls  and  readouts  apply  equally  to  the  S-band 
antenna.  Thus  the  beam  pointing  and  tracking  accuracies  which  are  specified  as  1/30  and  1/20  of  a  beamwidth 
respectively,  will  result  in  equivalently  larger  errors  for  the  S-band  antenna. 

This  antenna  has  been  completely  tested  and  delivered.  Results  of  the  testa  indicate  the  attainment  of 
rms  sidelcbe  level  and  trussing  accuracy  la  accordance  with  specifications.  The  tripod  mount  used  for  ibis  system 
permits  mechanical  orientation  within  360  degrees  in  azimuth  and  +30  degrees  and  -60  degrees  in  elevation. 
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6.  CONCLUSIONS 

The  antenna  systems  developed  during  the  course  of  this  program  have  demonstrated  the  capability  ;>>r 
the  design  of  relatively  light  weight,  moderate  complexity  and  lov.’  cost,  field  tyi>e  airborne  and  ground  based 
phased  array  antenna  systems  in  the  frequency  range  of  S  through  x-band.  Additional  work  carried  or.  at  Snricc 
on  critical  components  such  as  phase  shifter  and  radiator  elements  permit  the  extension  of  similar  design  techniques 
over  the  frequency  range  of  L  through  K-band.  An  important  part  of  the  program  was  the  attainment  of  an  optimum 
design  in  each  frequency  band  from  the  point  of  view  of  performance,  efficiency,  size  and  weight.  Although  the 
specified  power  level  for  these  antennas  was  moderate,  similar  designs  can  be  used  for  power  levels  as  high  as  an 
order  of  magnitude  greater.  The  antenna  performance  achieved  in  terms  of  sidcloho  level  and  beam  pointing  and 
tracking  accuracy  is  in  general  greater  than  is  attainable  with  conventional  parabolic  dish  antenna  systems.  The 
electronic  beam  control  system  developed  during  this  program  is  an  extremely  versatile  unit  which  is  capable  of 
controlling  two  general  classes  of  phased  array  ar.tennas,  namely,  ferrite  scanned  or  diode  scanned  systems. 

Based  on  the  results  achieved  during  this  program,  it  may  be  expected  that  antennas  similar  to  those  developed 
here  could  be  placed  Into  early  operational  use  as  part  of  field  type  airborne  and  ground  based  radar  systems. 
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Fig,  t  Schematic  diagram  of  phased  array  antenna  system 
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Fig.  4 


Electronically  scanned  azimuth  beam  patterns,  airborne  weather  radar  antenna 
(true  angle  scale  at  bottom  of  iignre) 


Fig.  5  Elevation  beatn  pattern,  airborne  weather  radar  antenna 


Fig  13  Schematic  ^presentation  .land  elevmon  power  di\idc:  and  4  tit  diode  phase  shifter 
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SOKHAIRE 

Pour  obtenlr  ujj  grand  pouvoir  sdparateur  en  distance,  un  radar  doit  daettre  un  spectre  da  frequence  trfes 
large.  Par  coatre,  lea  techniques  claasiqv.es  d'acquisition  de  cible  et  d' exploitation  dos  Signaux  d' dear  too  <5  trie 
(distance  et  angles)  s'accooodent  aal  de  la  trlis  grande  bands  paseante  des  aignaux  requa  ou  den  faibles  durdea 
^'impulsions  coepriades  co-respondent  au  grand  pouvoir  sdparateur  en  distance  rocherchd* 

Pour  pallier  ces  incosvdnients,  une  certaine  compression  de  ?ndc  pasaante,  malgrd  uno  dilatation  corre¬ 
lative  de  1’dchelle  de3  temps,  semble  hautenent  aouhaitafcle  au  roura  du  traitccient  du  signal  avant  son  exploi¬ 
tation,  pour  en  tirer  lea  aignaux  d'dcitrtoaetrie  utilisablea.  un  tel  tri.xter.eat  eat  possible  dans  in  radar  de 
poursuite  pour  lequel  Its  signaux  exploltea  ne  correspondent  qu'a  une  faiule  portion  de  la  rdcurrence  radar. 

On  envisage  done  une  telle  feme  de  traiteneat  du  signal,  dans  lequel  on  fait  appel  h  la  fois  aux 
techniques  da  correlation  et  ce  compression  d’ impulsion,  pour  doter  un  rasar  de  pcursuite  d'un  grand  pouvoir 
sdparateur  en  distance,  corretroada.it  a  un  spectre  de  plu3ie'ir3  dizainea  de  Megahertz,  exploitd  sous  ferae 
a 'impulsions  de  quolques  dizaxnes  (au  lieu  de  centimes)  de  Hicroseccndes.  Ceci  permet  d'envisagor  un  pouvoir 
sdperatsur  en  distance  de  quelquen  raetrea,  exploitable  avec  des  circuits  videofrequences  rader  clasaiques. 

1 .  INTRODUCTION. 

Pour  obtenlr  un  grand  pouvoir  sdparateur  on  distance,  un  radar  doit  daettre  un  spectre  de  frequence  trds 
large.  L'eaploi  d'une  modulation  de  frequence  k  l'intdrieur  d'uae  impulsion  d'dmiosicn  de  durde  reiativeoent 
grande  pour  obtenir  de  larges  spectres  de  frequence  est  a  l'heure  actuelle  une  technique  radar  lergement 
rdpandue  et  les  di verses  faqons  d'exploiter  un a  telle  forme  de  signal  k  la  rdeeption  ont  dts  largecent  decrites 
poor  rdaliser  ce  qu'il  eot  convenu  d'appellcr  la  compression  d' impulsion. 

En  pratique  il  exiute  deux  grandes  ndthodes  possiolea  pouvant  servir  de  base  k  la  rdalisaticn  d'un 
rdeepteur  radar  : 

-  l'acploi  d'un  coirdlateur  effectuant  la  correlation  du  signal  reqv  a-ec  un  signal  identi>,ue  ou  signal 
emis  et  convenablement  retarde  dans  le  teaps,  et 

-  l'ecplci  d'un  filtre  ndapte  au  signal  eaia. 

Chacune  dos  deux  udtfcodes  e3t  actuellemcnt  bien  connue  ^insi  quo  leur3  ^vantages  et  xncravdnients 
re spec t If s. 

L'eoploi  simu.tannd  des  deux  adthodes  off re  des  particularises  jnteresaantea  notammeat  dene  le  domaine 
des  radars  de  pcursuite  a  grand  peuvoir  sdparateur  en  distance  ainai  que  nous  aliona  le  cor.trer  en  decrivpnt , 
k  titre  J 'oiecple,  one  dtude  de  recherche  effectude  en  France  a  la  THOKSON  -  CSF. 

2.  PRINCIPE  DS  FlKCTIOWiEPECT. 

II  rtoose  eanentieliecent  sur  le  choix  d'un  signal  eoia  par  le  radar,  avec  dea  caractariatiques  pence  t- 
tant  un  grana  pouvoir  udparateur  en  distance,  qui  puxsee  6tre  traite  a  lc  rdeeption  de  faqon  efficiente. 

2.1.  Signal  Asia  (Fig.1.). 

Le  radar  doet  un  signal  de  duree  asses  grande  Tg  (de  l'ordre  de  la  dizaine  de  nxcrosecondes),  la 
frequence  d 1  eaisalcn  variant  1  in  dai resent  pendant  la  duree  d'eaission  entre  les  frequences  f,  -61  »t  F£  +■  Af" . 

P  est  grand  et  correspond  an  pouvoir  sdparateur  en  distance  recherchd  de  l'ordre  de  quelque-  disaicee  de 

Megahertz  pour  un  pouvoir  aeparateur  do  quelquea  efetres),  Le  prsduit  T$  •  AF  est  grand  (de  l’ordre  de  plusieurs 
cental  nea)  de  mtee  que  la  penie  d-  modulation  de  frequence  AE  (de  'ordre  de  plusieura  Megahertz  par  cicro- 
eecwde).  Ty 

2.2.  Signal  requ-traiteaent  a  la  rdeeption. 

AprNa  reflexion  sur  une  cible ,  le  signal  requ  est  trio  sensbluble  au  signal  dels  (a  1 'attenuation  et  h 
1  .ffet  Doppler  pres) .  Le  signal  requ  sera  traite  en  deux  dtapes  successires  : 

-  Une  correlation  iaparfaite, 

-  Une  compression  d' impulsion  par  dispersion  dans  un  filtre  adaote  au  results*,  de  la  correlation 
portielle. 
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2.2.!.  Correlation  Ltparfalts.  (Fig. 2) 


La  correlation  a'effectue  a  1'aide  <l'un  signal  d 'oicillation  local?  approprK,  rdpliqus  pcrtislle  du 
signal  dels,  -•corenabieosat  retardd  dans  lo  toops.  Un  escillateur  local  declonche  avec  un  certain  retard  Tp  par 
rapport  a  l'daiasion  giabre  un  signal  de  dure*  Tg.  aupdrlaura  &  Tg,  at  dont  la  frequence  varie  lindair exact 
pendant  In  durda  Tg  entre  las  frequences  — AZ  at  Fg  +  A£  .  cF'eat  auporlaur  k  AF  et  voiein,  st  non 

egal  k  AF.Tjg,  soit  .»  3  z 

A  r  =  K  a  FT. 

1  v  — 

Te 

K  ?  i  «t  (1-K)  «  1 


La  pante  de  sodulatlon  do  frequence  du  signal  d'oscillatlcn  locale  eat  AF  —  K  AF.  ■ 

rR  te 

La  decodulation  du  signal  requ  par  le  signal  d ’oscillation  locale  fouroit  (pour  antsttt  q>ic  le  signal 
raju  eii3te  entre  lea  instants  Tjj  et  Tq  +  ?g)  un  signal  de  dure*  Tg  et  dont  la  frequence  varie  lindsiraaent 
pandant  cetta  durea  entre  las  frequences  -  OF"  et  >1  +  AF  *  .  La  pante  de  nodulation  de  frequence  du  signal 

1  St 

ddooduie  XJ~  a  pour  valeur  abaolue  la  difference  des  pentes  de  sodulation  entre  le  signal  c«ls  et  le  signal 
d 'oscillation  locale  eoit. 

1  (« 

•U  AF‘  =  (l-K)  AF.  J 


Cette  pente  eot  positive  ou  negative  salon  qua  iR  eat  infill  eur  ou  super!  *ur  a  FE. 


Si  le  signal  d'oscillation  locale  itait  uae  replique  exact#  (au  lieu  de  partielle)  du  signal  &tla, 
c'eat-i-dlre  si  on  avait  K  =  1  ou  co  qui  rev lent  au  atae  AF  =  AF  le  resultat  de  la  demodulation  du  signal 
requ  par  J ‘oscillation  locals  ear ait  un  signal  de  durce  ?g  (sans  wxftilation  da  fi-equanco  in  la  portsuse  soit 
A?*  =  0; ,  b  la  frequence  Fi.  Dana  le  cas  de  la  correlation  parfaits  ou  totals  e’est  la  frequence  portcuue  Fj 
du  signal  da  dure#  Te  qui  contient  i ' information  d 'dear  tacit rie  tar.porella  ou  an  distance.  Pour  uca  distencs 
da  cible  1\«  §(T»  on  a  1*1  »  j  Fg  -  Fg  l  ,  t  and  is  qua  pour  uae  distance  de  dble  D  *  D0  +  &Don  a 

Fl  =  |Fg  -  Pg-  i£  j  .  De  fapot  analogue  dans  le  can  de  la  correlation  iaparfeite  e’est  la  frequence 

■ediana  du  signal  resultant  de  Is  correlation  partielle  qui  contient  1 '  info rest ion  a ' eeartocitr in  teaporells. 
I  un«  ilatcnc#  de  cible  D0  correspond  uno  frequence  sedisss  Fj  =  ( Fg  -  Fr  (  et  &  Is.  distance  de  cible 
P  ,  0o  i  AO  correspond  la  frequanca  aediane  Pj  =■  |  Fg  -  Fy-  AD  AF  . 

2,2.2.  Compression  d’ impulsion.  (Fig. j) 


Lo  signal  pariielleaeut  corral Id  resultant  de  la  debodulatioa  du  signal  reju  par  le  signal  d'cacil- 
latlun  locale  aubit  un  filtrage  coherent  dans  un  risaau  digpersif  dont  la  caractirisiique  leaps  de  propagation 
an  fonction  de  la  frequence  a  una  pants  de  valeur  ebsolue  igala  k  la  pante  de  sodulation  de  frequence  du 
Signal  partial leaent  comOli  csia  de  sens  oppose.  Autreoent  dit  la  riseua  diepersif  eosprine  de  fajon  adaptde 
la  signal  partielleoent  correlli  et  ceci  sous  fora*  d'un  signal  de  durde  approxinativetent  igal  A  l'imrerse  da 
AF*(aoit  de  i'ordre  de  : — 1 — -  )  positionn<  k  un  certain  tups  Tc  tel  que-. 

11  T L  ♦  +  T  +  2  HAD  cT  .  Tic 

c  D  TF  °  c  lx 


} 


(V 


Tc  =.  TB  -h  Is  +  T#  +  2  AD  .  _a_ 

?o  4tsnt  le  teepa  de  propagation  du  riaeau  diepersif  pour  la  frequence  |  Fg  -  Fg  |  .  Dims  1* operation  da  cwrpra- 
saicn  d'ixpulsioa  l’icartocitrie  t an po rails  da  ciblo  dont  1  'imoxuatuon  itait  coatenne  dans  la  frequence 
■ddinaa  du  signal  part  .slier out  corral Is  est  rsdevenus  une  information  tempo rail e  sous  la  fores  d'ou  retard  poor 
lequsl  toutafois  le  facteur  de  proportlonalite  avec  Its  distances  n’ast  plus  dosnd  par  la  vitassa  C  de  propa¬ 
gation  des  ondes  eiectronagcetiquas  zaia  par  cette  vitesse  aultinlie#  par  4 • K  ,  aanaiblanent  4gal  A  1  -  K. 

K 
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Interpretation  du  result at  du  traiteaant  du  signal. 


Rous  avena  vu  qu'h  la  sortie  du  nkepteur  las  signs ux  provenant  d 'Achoa.de  cibles  appsraiaaent  sous 
forts  d’iapulaionn  de  iargeur  *1  qua  deux  cibles  di3tiact«a  aeparees  en  distance  de  AD  apparaiasent 

sous  force  de  deux  tcpulaiona  iistantes  de  .  On  peut  donner  de  ce  r4*ultat  diverses  interpretations 

equivalcntes  perscttsnt  de  sieuz  mtiair  l'inter#t  de  ia  ronbisaison  riai'ltane*  de  correlation  avec  la 
cotpresaion  d‘ impulsion. 


Une  preaiAre  .nteipretation  tiree  directeaent  du  facteur  de  p rcportionalite  entre  las  distances  ct  les 
retard*  subatitus  a  la  viteeae  de  propagation  des  ondes  eiectrauagnetiqus  <ine  vi tease  dt  propagation  fictire 

*oia  Pia*  potite  d’ou  possisilite  d ’exploiter  un  pouvoir  adparjtour  un  distance  donad  avec  des  circuits 
da  hsivie  pasaante  reduite  dans  lea  sices  proportions. 


Une  second#  interpretation  revient  a  conaiaerer  une  coepnsrion  d’iapulsion  r  jrnnle  de  teux  de  co*- 
presaion  Tg-  A?  suivi  d’une  dilatation  de  l'lcbeUs  dea  temps  dc  -j—  fois  coaoe  si  on  avait  utilise  uae 
"loupe"  de  grossisjemen'.  G  =“  pour  observer  lee  aigntux  Jur  un'c'scilioecope.  Cette  demiire  interpre¬ 

tation  de  la  dilatation  de  I'dahalie  des  tanps  isplique  unv  consequence  irportante  peur  le  traiteaant  du  signal 
raju  en  "teopa  reel"  :  en  effet  si  le  grcsai83scent  ast  de  C<  on  ne  peut  l'effectroen  leaps  rdsl  qu  'au  at  lima 
sur  de  la  residence  radar.  Ceci  exclut  1  ’application  d'un  tel  traitnsnt  pour  un  i-adar  ds  veillo  ou  de 
surveillance  saia  a 'applique  general eeent  bias  au  cas  du  radar  de  ooursuite  pour  lequel  les  sigsasix  exploitds 
ne  correspondent  qu'a  une  foible  fraction  de  la  period#  ds  recurrence. 
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L' application  a  un  radar  de  pouruuite  de  traitemant  du  signal  ddcrlt  poraot  (grAca 
fcande  p&aaante  correlative  a  une  di.ataticn  possible  de  1 'bchelle  dea  temps  sur  une  partie 
recurrence )  d'utiliaer  dee  circuits  video  radar  classiqucs  pour  1 'acquisition  de  cibles  et 
quo*  a  dea  radars  a  grand  pouvoir  sbparateur  en  distance. 

2.4.  Limitations  du  procbdb. 

Outre  la  limitation  deti.  citee  de  l'eaplcl  &  un  radar  de  ooursuite  ou  d  'atterrisaago,  la  nbceasite 
d'effectuer  corroctoment  la  coi relation  inparfaita  et  la  coopresaion  d 'impulsion  pour  dea  ciblea  situbes  done 
un  c*—tai a  dcsaise  spatial  d'btendue  non  nulls  applique  cart.ii  naa  contraintes '‘limitations  d'irdre  technolcgique. 

hous  evens  dbjb  signal b  quo  ia  durb*  de  l'oaciliateur  local  devait  Stre  supdrieuro  A  la  durde  Tg  du 
si  tnal  inis,  la  quantity  ^  (Trt  -  Tg)  dbfimt  la  profondeur  do  la  2one  dans  laquelle  peuvent  se  aituer  lee 
ciules.  gour  pouvoir  exploiter  entibrenent  cette  zone  il  faut  encore  que  le  rbaeau  disperaif  effectuant  la 
compression  d'ispulaion  ait  une  bsr.de  passante  ouffisante  :  la  valeur  minimale  de  cette  bande  par.eaate  eat  de 

(l-K  *  nr  .« 

Tr.  TV. 

Lo  traitement  du  signal  b  la  reception  a 'effectuant  en  deux  btapes  dost  la  dernibr?  consists  en  une 
compression  d’ impulsion  par  un  rbseav  aispersif  il  importe  pour  que  cette  derniere  operation  s'eft'eotue  duns  des 
conditions  satisfainantes  que  le  taux  do  compression  (1  -  K)  Tg  A  P  soit  suffisacnent  bleve  ce  qui  implique 
&  la  ioia  Tg  pas  trop  faible,  si  l'on  ne  veut  pas  avoir  une  impulsion  comprlcbe  trop  breve,  et  (t  -  •  if 

suffisanment  graid  vis  a  vis  de  l'imerse  de  Tg.  Ceci  ieut  limiter  le  gros3issesent  c,  =  K  _  j,  >iie  valeur  pa3 
trop  elevbe.  ",'K 

lie  toutes  fuqons  ces  diverses  limitations  thboriques  iapcsent  des  coctraintes  dans  le  cholx  dea  divers 
parametreo  d 'une  realisation  particulibre  et  font  apparaltre  la  nbcesaitb  de  la  recherche  du  meilleur  comproaia 
pour  cheque  application  particulicre  envisages. 

Enfin,  outre  les  limitations  thboriques  cities,  certains  de3  problbses  lic-o  a  un  grand  pouvoir  sbparatour 
en  distance  reiteut  entiers  en  ce  qui  concerne  les  limitations  tehcnologiques  et  1“3  imperfoetion3  de  realisa¬ 
tion.  A  ce  titre  nous  ne  citerons  que  le  plus  important  a  ssvoir  la  reduction  des  "jitters"  dans  toua  lea  gbnc— 
rateurs  de  base  de  temps  et  de  tblbmetrie. 

3.  REALISATIOH  bT  RISE  Ell  OEUVRE  DU  PROCSDS. 

if in  de  mettre  en  oeuvre  les  principea  prbebdesnent  dbcrit3  il  a  btb  rbalisb  une  maquette  destinee  a 
Stre  associbe  a  un  radar  dont  la  partie  emission,  tSte  HE  et  abrlen  presente  une  banae  peasants  instantonnee 
sul’fiaante.  Cette  maquette  cooporte  (?ig.4)  un  gbnerateur  de  signal  d'bmission,  un  gbnerateur  de  signal  d'cocil- 
lation  locale,  un  recepteur  a  correlation  innsrfaite,  un  ensemble  de  compression  d'impulsicns  et  une  tb.embtrie. 

Les  parambtres  retemia  pour  la  maquette  de  aise  en  oeuvre  sont  resumes  dans  le  tableau  I. 

3.1.  Cbnbrateurs  ue  signal  d'emissicu  et  d'oscillatioc  locale. 

La  generation  du  signal  d' emission  et  d'oscil.aticn  locale  S3t  du  type  actif  et  fait  appel  a  un  montage 
original  qui.  ccnfbre  a  i1  ensemble  une  tre3  grande  souplesse  percettant  de  fairs  varies  done  certameo  limited 
les  parambtres  du  signal  emis. 

Chacun  des  deux  gbncrateurs  est  b  j»b  sur  le  mSme  principe  seals  certains  porametre3  oat  dea  valeurs 
differeates,  nous  ne  dbcrlron*  somBoirece.it  que  le  genersteur  de  signal  d’eoission.  11  eat  constivue  par  un 
gbnbrateur  de  frequence  en  carche  d'ascalier  a  commands  digitale  :  le  salt  de  frequence  bienentairc  est  de  A F 
et  un  sent  de  frequence  de  All  interve-snt  tous  les  Ik  32 

32  3Z 

Can;  le  passe  dc  tels  genbrateur3  de  frbquence  en  carche  d'escalier  ont  otc  realises  »->r  commutation 
d'03cillateurs  synchro niabu  par  on  standard  de  frequence  et  ont  toujours  dcane  lieu  a  des  difiicuitbs  libes  aux 
discoatinuitbs  de.  chase  tors  dss  commutations  de  frequence. 

Sous  avons  delibbrbmeat  choi3i  un?  approche  d iff brent a  (Fig.5).  Sous  30uses  partis  de  5  oscillateurs 
ccoaandba  pouvast  chacun  prendre  les  dep,  frequences  (K  -  )  et  {  Fc  -AJti )  =  prenant  les  valeurs  1 ,  2, 

3,  4  ou  5.  Le  saut  de  frequence  de  at  obtenu  en  crsachant  ou  non  en  p&raile'.e  sur  le  circuit  oscillant 

de  l'oscillateur  une  reactance  asservie  do  g.';mdeur  apprepribe,  le  trancheser.t  s'effectuant  p.ir  com  and  e  digi¬ 
tale  a  l'aide  de3  bits  successifs  d'un  conptiur  biaaire  a  5  etages. 

Lee  sorties  des  cinq  oscillateurs  controibs  sont  ajeutbs  ensuite  dons  une  chaine  de  transposition  de 
frbaueace  classique  du  typs  de  celles  utilisbes  dans  les  synthbtiscur3  de  frdquer.ee. 

Koyennant  certaines  precautions  sur  le  branch emont  des  reactances  asservie3  nc.s  avons  pu  faire  di3pa- 
raltre  lea  discoctinuitba  de  phase  lors  des  commutations  de  frbquence.  Par  centre  nous  s.ors  bchangb  la  stabilitd 
de  frbquence  d'osciliateurc  synchronises  par  un  standard  ue  frbquence  contre  ia  stabilltb  mtrinseque  d’cscil- 
lataurs  non  synchroniabs.  Hous  avons  pu  lever  cet  .nconvbnient  en  effectuant  un  asser^’issement  sur  ies  valeurs 
des  reactances  en  utilisant  un  O.A.F.  k  ligne  a  retard  aver  battement  de  frbquence  et  discriminateur  de  frb¬ 
quence  (Fig.6)  pour  cent  ruler  les  ssuts  de  frequence  .  Il  a  afce  bto  possible  d’utilisijr  en  temps  partagb 
un  seul  discriminateur  de  frbquence  venant  sbquentielireent  controler  et  aa-ervir  les  aifferents  3 nuts  de 
frbquence  ^  et  ceci  en  dehors  des  instants  d’ emission. 

zr 


h  la  compression  de 
de  la  pbriode  de 
1 'bcartoabtrie  appli- 
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Lo  figure  7  duiuie  io  SviiM  W  j-tlSCipO  d’Lu  cscillr.tour  ICSiiSd#  iVtS  tnpiOi  !i  tr£P.“ii*0?i  t  -iartwin* 
dans  un  sontag#  ejodtnque.  La  valour  du  la  rdsctence  4quival*:it#  est  obtenue  cn  contrdlar>t  1*  gain  daa  transla¬ 
tor#  au  noyen  da  1 'uajorviasaaont  du  gdnoroteur  la  co'iToiit. 

La  fig.  aontra  la  realisation  d'u..  coclllatour  cosnandd. 

an  r#tourusnt  h  la  rag.  >  „n  pout  v»r  quo  lea  instants  da  commutation  d'dchslons  do  frequence  sent 
conaandds  par  une  borloga,  an  fuiaant  varier  la  frequence  de  1  'hi rloge  du  cocpteur  1  inair*  &  5  4 tog* 3  il  est 
possible  de  faire  varior  la  pent#  da  la  Roduiation  dr  frdqucnco  a  ana  fair*  varier  l'excuraion  d#  frequence  AF  . 
tLafin  une  selection  de  largeur  variable  poraet  do  region  le  durd#  d'dctiasion  jusqu'a  32  oas  d'horloge  du  cocpteur 
1  inure. 

3.2.  Kdcepteur  a  correlation  inparfaite  et  conprozsion  d'inplusion.  (Pi*.  9) 

L#  rdeepteur  oosiprend  un  preanpliflcateur .  un  ndlaageur  de  signal  d'oscillation  locale,  un  anpliflcataur 
de  frequence  mteisddlair*,  un  reaeau  disparsif  de  compression  d'tapulaion,  ur  detecteur  d'enveloppe  et  un  filtre 
pans*  bas  ec  video frequence. 

L*  prdaaplificateur  coaporte  un  filtre  accorde  sur  la  frequence  d#  rdeeption  dont  la  c&ractdriatique 
d*  tranafert  amplitude  frequence  perset  d'ef'.ectuer  une  po nitration  en  amplitude  du  signal  reyu.  Pour  ce  fair* 
on  profit*  d*  ce  que  le  produit  2g-AF  eat  grand  pour  ef  fee  tier  un*  ponderation  amplitude  frequence  qua.  du  fait 
de  la  loi  d*  variation  iiodairx  du  signal  eois  et  de  la  rectangulorltd  du  spectre  trwusis,  est  equivalent  a 
une  ponddraiion  onpiiiuda  temps. 

iSur  Is  aignal  roqu  une.  pond dr d,  le  ndlargeur  de  signal  d'oscillation  locale  o; fee tut  la  correlation 
inparfait*  et  transfers**  la  pond drat ion  amplitude  frequence  en  une  pond  duration  eaplitude  teops  tout  en  effec- 
tuant  une  transposition  er  frequence  du  signal  pour  l'acsnsr  ion  frequence  intonediaire)  dsns  la  band*  pssaante 
du  rdsosu  dispersif. 

Le  rdaeau  dispersif  est  du  sy pi  ..  constantes  rdparties  et  utilise  des  ondts  dc  surface  de  Haileigh  sur 
us  barroau  de  quartz  revOtu  d'ur.  tronsducteur  dispersif. 

if in  1'obtenir  un  donaine  de  distance  sufflsant  des  cities  tout  en  ayant  des  reaeaux  diaper eifa  rdali- 
sables  il  est  possible  d'utiliser  do.,  conbinoisons  sens  ou  p&rallile  de  plusieurs  rdsesux  dispernifs.  En  fait 
n.ius  avona  travailld  soit  avec  un  caul  rdaeau  diapersif  dans  une  zone  de  distal**-  dtroite  soit  avec  deux  rdseanx 
disperaif*  en  nontag*  par Jlele  pour  une  zone  de  distance  plus  profond*. 

Aprtta  dispersion  les  ispuiaiona  ooaprimdes  soat  ddteetdes  per  un  ddtecteur  d'*nvelcpp*  a  large  band*  et 
la  betti*  passant  vidso  frequence  ast  rdduite  i  environ  AxF'm (1-KjAF,  valeur  ruffisant*  pour  extra! re  lea 
•ignauz  d’dcsrtosdtrii-  distance. 

Cans  le  cm*  d'uno  exploitation  ssnopils*  du  radar  de  poursuite  los  voles  4 cart  site  et  4c art  giaecont 
seront  trrt.  tie*  en  oarallkle  da  fapon  analogue  en  ce  qui  concern*  la  correlation  inparfait#,  1 'dear ton  dtrie 
ugulair*  etant  alorc  traits*  swultandsent  r.vec  la  compression  d' impulsion  de  fiqon  claaalqu*. 

3 3 .  Tdldadti-ie. 

La  tdleudtrio  aauurant  le  retard  au  declenchaaent  de  la  gdadratioa  du  signal  d'oscillation  local*  en 
fonctlon  d#  la  distance  de  la  clble  poursuivie  a  dtd  realisde  en  technique  digitalo  ce  qui  a  perm is  de  reduir; 
au  ainiousi  lea  problioea  4*  jitter  aux  grandee  distances  ceci  su  prix  d'une  quantification  an  distance  qui  a 
dtd  liaitd  a  un  afetre  soit  environ  le  quart  du  pouvoir  aeparateur  an  distance. 

4.  RE3ULTATS  SXH»E£KTAUX. 

line  s4ri*  d'expdriencea  a  dtd  effectud*  sur  la  aaquett*  realied*  pour  vdrilltr  la  vaiiditd  du  proeddd 
ddcrit.  Les  risultats  de  ces  expirieuces  soat  illustrds  par  les  oBcillograa*/;*  d#  aignaux  1*  la  Fig.  10.  L*s 
del  ala  de  publication  des  "pr<  prints"  nous  oat  obligd  l  presenter  Iss  routes  preuidrss  photographies  aettar.t 
en  dvldence  certains  difuuts  qui  ont  die  corriges  depuis. 


? 
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La  Fig.  10  a  prdsent*  le  aignal  d’>  ^dasion  ou  Japulaion  pri»air#  qui  dure  10  p  s*c.  soit  5  c*  sur  un 
bslaytgo  de  2  aicrosi-conde*  /  cx.  relevd  au  'rektrev'x  58b.  La  forj#  trapdzoldale  d*  l'iupulaion  rdsulte  d*  la 
courb*  d*  rdpense  de  I'oscillosccpe  qui  chut*  avec  la  frdqufrr'  (i-*; ru  70  et  1 10  KHx). 

La  Fig,  !0  b  prds*nt#  le  aigsal  apris  correlation  imparfaite  on  peut  note?  la  ponddratir  1  d'wplitud# 
obtaaue  par  la  courb*  d#  repo use  du  prdasplificateur, 

U  Fig,  10  c  represent-*  un*  iapulsion  en  sortie  du  uilieu  dispersif  de  compression  d'inpulsion.  3-r  1* 
balayage  a  0,5  aicroatcocd#  /  ex  on  peut  assurer  un*  largeur  d'ispultion  1  3  d3  d#  0,25  aioro second#  (0,5  <as) 
correspondant  k  A  F*  «  4  KEz.  Les  lobes  latdraux  aont  asset  Msvais  s*  iltuect  vers  -16  dB  ceci  est  dfl  por- 
tiulleuant  k  juq*  ponddration  dissyxitrique  et  Idgezecent  insuffisants  (cf  la  Fig  10  h)  maia  anssi  *t  »irtout  k 
la  *od ulation  d*  frdqusaca  en  aarch*  d‘»ecali*r  ct  k  dea  Jistorsion*  d#  phase  oal  caepeusdes  dans  lu  chsin*  d# 
caebinaiacn  dee  oaoillstecra  control**. 

La  Fig  10  d  repreatet*  la  sorti*  du  silieu  di*p*r#if  d*  ooupreasion  d'inpulsion  en  pr<*«nc*  dss  <chos 
dc  deux  cibles  ponctuslle*  s e'rsrd**  par  4  «  50  et  dont  Is  prenikr*  est  k  10  dB  en  dessou*  d#  Is  s*cond*  esex 
s  penis  d*  verifier  1*  cou.olr  sdparateur  de  4  xktres  prdvus. 


22-5 


Ls  ?ig.  10  s  cot  idtati^iis  h  1*  pr4«A!«nte  mais  pour  deux  clM.es  diatantes  de  ID  m  30  la  separation 
cocplkle  daa  ciolaa  aat  nattacant  apparent o.  at  la  grosaioiaaent  a  pu  Str©  nestrd  aur  Fig.  10  e  lea  deux  doles 
#ont  distaste#  da  1,5  era  aoit  0,75  p  aec.  et  Is  groaaiasaraant  eat  de 

0,  (5  x  1 50  „  1  _  io.9  qui  correspond  den  k  11  du  tableau  I  dana  1©  cas  du  foactionnement 

10,3  10,3 

k  K  >  1.  (K  .  1,10). 

Las  Figures  10  c  &  10  a  font  dgaloeumt  den  apparaltre  sous  feme  d'un  l^ger  flou  lea  difficult^#  duea 
&  un  ldger  Jitter  de#  oases  de  teres  ;ui  deTient  visible  du  fait  du  grossiaseaent  oo  II.  Ce  jitter  a  depuia  6t< 
corrigd  par  I'eaploi  d'une  tdl/rrdtrie  digitals. 

5.  DISCUSSION  DE3  HSSULTlTS  ET  CONCLUSIONS. 

L'aaploi  coobiad  des  techniques  de  correlation  et  de  compression  d'lnpulslon  pour  le  traitaaiant  d'un 
signal  1  large  spectre  aoduld  lindairecent  en  frequence  necess-dre  pour  obtenir  d'un  radar  a  grand  pouvoir 
sdparataur  en  distance  s'est  rdvdli  trfea  p roust teur  dona  1©  cas  d'un  raa,r  do  poursuiue  dont  les  slgnaux  d'erreur 
peuvent  ttre  dlabords  a  partir  de  circuits  video  it  largeur  de  bande  clas  ique  de  quelcuea  Megahertz  settlement. 

L«  theorie  a  pu  <tre  vdrifide  expdriaentalemeiit  et  on  a  pu  uettre  en  Evidence  la  dilatation  de  1'^chelle 
de#  teaps  »irailalro  k  un  grossisoeoent  qui  aecoopagne  la  reduction  de  bande  paasante  deo  signaux  video. 

Le#  premiere  rdsultatn  ont  xis  en  Evidence  les  limitations  technologiques  du  system©  qui  ont  necessity 
4c#  effort#  k  la  foia  dans  le  docaine  de  la  reduction  des  jitters  et  dans  celui  de  la  correction  des  ddfauts  de 
phsao  dan#  le#  diveraes  parties  de  la  naquette.  Aprfes  correction  de  ceo  divoreea  imperfections  la  phase  suivante 
de  1 1 dtude  doit  consister  &  monte r  i'cnseable  du  dispositlf  sur  un  radar  existant  en  vue  de  faire  des  experiences 
en  vraia  grandeur  sur  la  terrain. 

Le#  ddveloppeoents  futur#  du  prccdd£  decrit  doivent  pemettre  d’aaiSliorer  sensiblsment  les  performances 
des  radars  de  poursuite  a  grand  pouvoir  adparateur  en  distance. 

6.  RQiERCIQCEKTS. 

I.©3  auteurs  tiennent  a  raaercier  les  nembres  de  la  Division  riadar  de  la  Thomson  CS?  et  plus  particu- 
lierenent  K.  S.  Oarpentier  Directeur  Technique  pour  les  encouragcaents  et  I 'assistance  qui  leur  ont  6t6 
epportes  au  cours  de  1' Etude  qui  vienl  d'etre  prdsentd. 

La  recherche  ici  rapport  de  et  sea  ddveloppements  sont  actutilenent  partiel lament  supportes  par  la  Dele¬ 
gation  Hinistdrielle  pour  l'Arcement  -  Direction  deo  Hecherches  et  .'oyers  d'Essais. 
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TABLEAU  I  PARAMETRES  DE  LA  PAQUETTE 


EMISSION 

Duree  d’impuision-. 

Tg  10  psec 

Excursion  ae  Frequence: 

AF  40  MHz 

OSCILLATION  LOCALE  ET  CORRELATION 

Excursion  de  Frequence 

initiate: 

AF*  52  MHz 

Residueiie: 

AF*  4  MHz 

Duree  d'O.L.  :  T^^  11,8 

psec  TR2  14,4  psec 

COMPRESSION  0  IMPULSION 

Duree  d’impolsion 

initiate: 

Tg  10  psec 

Finale: 

Jp,  0.25  (.soc 

Taux  de  compression: 

u. 

COEFFICIENTS 

De  correlation:  K1  1,100  K2  0,9  03 

Demodulation:  |l-KlJ  0,100  1-K2  0,097 

Grossissement:  G1  11 

G2  9,3 

Pouvoir  separateur 

En  temps:  ~r 

AF 

2  5  nnec 

En  distance: 

3,75  m 
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SUMMARY 


This  paper  describes  the  synthesis,  design,  and  implementation  o!  wideband,  low  distortion, 
lumped  and  distributed  constant,  dispersive  networks.  These  networks  are  important  in  modern  sig¬ 
nal  processing  systems  to  implement  (radar)  pulse  expansion  and  compression,  instantaneous  spec¬ 
trum  analysis  (real-time  Fourier  transformer),  antenna  beam  steering  and  electronically  variable 
delays. 

Three  types  of  dispersive  networks,  designated  as  Type  I,  n  and  HI,  are  described.  Each  type 
was  developed  to  satisfy  an  operational  requirement;  together,  the  three  types  permit  the  realization  of 
a  wide  range  of  dispersive  characteristics.  Measured  amplitude  and  phase  data  are  presented  for  each 
type,  and  oscilloscope  photographs  are  shown  which  demonstrate  the  network  performance  in  a  (pulse 
compression)  system  application. 

1.  INTRODUCTION 

This  paper  is  concerned  with  the  realization  of  lumped  and  distributed  constant  dispersive  net¬ 
works.  These  networks  are  useful  in  modern  signal  processing  systems  to  implement  (radar)  pulse  ex¬ 
pansion  and  compression,  instantaneous  spectrum  analysis  (real-time  Fourier  transformer),  antenna 
time-delay  beam  steering  and  electronically  variable  delays.  Three  types  of  dispersive  networks,  des¬ 
ignated  as  Typo  I,  n  and  HI,  are  described. 

The  Type  I  network  was  originally  developed  to  implement  the  dispersive  function  for  high  band¬ 
width-time  product  systems.  The  network  has  subsequently  been  used  in  several  instrumentation  radars 
for  pulse  expansion,  compression  and  for  instantaneous  spectrum  analysis.  These  applications  require 
the  standard  deviation  of  the  residual  phase  and  amplitude  errors  to  be  in  the  order  of  1. 0  degrees  and 
0.2  dB.  These  errors  are  commensurate  with  a  -40  dB  time  sidelobe  leveL 

The  network  synthesis  techniques  are  described  and  theoretical  error  curves  presented.  The 
second-order  bridged -tee  network  in  described;  this  network  includes  a  first-order  correction  for  all 
major  parasitic  elements  to  obtain  a  theoretically  all-pass  characteristic.  This  correction  is  respon¬ 
sible  for  the  low  phase  distortion  obtained.  Measured  amplitude  a..d  pnase  data  are  presented  for  six 
networks,  each  having  a  bandwidth-time  product  of  264.  Fourier  analysis  of  the  phase  and  amplitude 
errors  are  shown  to  predict  a  paired-echo  sidelobe  level  below  40  dB. 

The  Type  I  network  is  particularly  applicable  to  large,  ground  based,  instrumentation-type 
radar  systems  in  which  nett'ork  size  and  initial  cost  are  subservient  to  electrical  performance  and  re¬ 
liability.  The  network  is  useful  for  dispersive  bandwidths  up  to  about  25  or  30  MHz  and  bandwidth¬ 
time  products  up  to  several  thousand.  Oscilloscope  photographs  are  shown  which  demonstrate  the  per¬ 
formance  of  the  Type  I  network  in  several  pulse  compression  systems. 

The  Type  H  network  was  developed  as  part  of  an  in-house  IR  and  D  program  to  satisfy  the 
need  for  a  low  cost,  minimum-volume  dispersive  network.  It  is  useful  for  compression  ratios  up 
to  several  hundred  and  for  dispersive  bandwidths  up  to  about  100  MHz.  The  Type  II  dispersive  net¬ 
work  is  realized  b7  the  application  of  microelectronic  techniques  to  a  lumped- constant  first-order 
bridged-tee.  The  use  of  these  techniques  has  resulted  in  a  significant  size  reduction  and  an  increase 
in  the  attainable  dispersive  bandwidth.  The  fabrication  and  alignment  processes  and  methods  are  de¬ 
scribed;  performance  data  is  given  for  representative  networks. 

The  Type  III  network  is  the  microwave  distributed  constant  equivalent  of  the  Type  n  lumped- 
constant  all-pass  network.  This  network  consists  cf  a  cascade  of  shorted,  quarter-wave,  coupled- 
transmission  lines.  The  coupled-line  cascade  is  realized  in  dielectric  stripline.  Each  line  in  the 
cascade  has  identical  dimensions  (except  for  length)  and  a  multiplicity  of  iines  are  contained  on  a 
single  printed  circuit  board.  The  simplicity  of  this  construction  results  in  a  highly  reproducible, 
low  cost  dispersive  network.  The  device  is  useful  to  synthesize  dispersive  bandwidths  up  to  several 
gigahertz. 

The  methods  which  were  developed  to  synthesize,  design  and  construct  the  dispersive  networks 
using  quarter-wave  lines  are  describe.4..  Design  examples  are  given  for  several  fractional  bandwidths. 
These  basic  designs  can  be  frequency-scaled  to  obtain  bandwidths  from  100  to  2000  MHz  and  cascaded 
to  achieve  compression  ratios  of  several  hundred. 
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TV  three  types  of  networks  are  subsequently  described  in  ueVil  and  assarsrsd  performance 
-.ita  presented.  Prior  to  this  description,  however,  some  useful  concepts  and  techniques  concerned 
with  lumped  and  distributed  constant  dis]>ersive  network  synthesis  are  presented  in  Part  2  below. 

2.  DISPERSIVE  NETWORK  SYNTHESIS  CONSIDERATIONS 

A  cascade  of  all-pass  bridged-tee  networks  can  be  used  to  synthesize  any  reasonable  disper¬ 
sive  characteristic.  The  number  of  bridged-tees  required  is  determined  by  the  delay  area  to  be  filled, 
the  maximum  delay  slope  required,  the  permissible  ripple  of  the  delay  clutractcristic,  and  the  frac¬ 
tional  bandwidth  of  the  network.  For  most  dispersive  networks,  the  delay  area  (which  is  proportio*  1 
to  the  bandwidth-time  product)  and  the  fractional  bandwidth  of  the  network  are  the  governing  considera 
tions.  Specific  synthesis  procedures  are  available  In  the  literature  r  It  [2]  . 

All-pass  networks  are  characterized  by  a  constant  (frequency-  independent)  and  real  charac¬ 
teristic  impedance.  This  property  prescribes  that  the  total  time  delay  of  the  cascaded  network  must 
be  equal  to  the  sum  of  the  time  delays  of  each  bridged-tee  section  in  the  cascade.  The  time  delay  con¬ 
tributed  by  each  bridged-tee  depends  only  on  the  location  of  the  poles  and  zeros  of  the  network  transfer 
function.  Thus,  the  problem  of  synthesizing  the  dispersive  characteristic  may  be  viewed  as  that  of 
locating,  in  the  complex-frequency  plane,  a  suitable  distribution  of  pole-zero  pairs.  In  general,  this 
distribution  will  have  a  density  which  is  proportional  to  the  desired  time  delay. 

The  pole-zero  location  in  the  complex- frequency  plane  of  a  band-pass,  first-order,  bridged- 
tee  network  is  shown  in  Fig,  1(b).  In  addition  to  conjugate  symmetry,  the  constellation  also  has  sym¬ 
metry  about  the  jw  -axis  tor  the  lossless  case.  Figure  1  (a)  shows  the  lattice  and  the  equivalent  un¬ 
balanced  form  of  the  lattice  (bridged-tee)  all-pass  network  which  will  realize  this  pole-zero  config¬ 
uration.  The  network  time  delay,  which  is  the  derivative  of  the  transfer  phase  characteristic,  is 
given  by: 


where 

o  j  and  are  the  real  and  imaginary  parts  of  the  root  locations  in  radians  per  second. 

The  second  term  in  the  experssion  is  the  delay  contribution  of  the  negative  half -plane  pole- 
zero  pair  and  can  usually  be  neglected. 

The  location  of  the  pole-zero  constellation  in  the  s-plane  determines  the  shape  of  the  time  de¬ 
lay  characteristic.  Poles  and  zeros  which  are  in  the  vicinity  of  the  jw-axis  exhibit  delay  characteris¬ 
tics  which  have  steep  slopes  and  high  peak  values  of  time  delay  at  a  =■  w.;  conversely,  large  values  of 
a  -  produce  a  characteristic  which  is  broad  and  has  a  low  peak  value  at  wt.  This  effect  is  illustrated 
ir}  the  curves  plotted  in  Fig.  2.  ’ 

The  maximum  value  of  the  time  rfvlay  function  is  2/g ,.  The  area  under  the  delay  curve  is  2tt 
radians  and  is  independent  of  the  pole-zero  location.  (The  area  under  the  lime  delay  versus  cyclic 
frequency  curve  is, thus,  unity.)  This  relationship  is  important  because  it  specifies  the  complexity  of 
the  bridged-tee  cascade  required  to  synthesize  a  time  response  having  a  prescribed  bandwidth-time 
product.  Specifically,  for  a  linear  dispersion,  the  number  of  bridged-tees  required  cannot,  theoret¬ 
ically,  be  less  than  one-half  of  the  bandwidth-time  product. 

2. 1  Selection  of  a  Root  Contour 

The  first  step  in  the  synthesis  problem  is  the  selection  of  a  root  contour  in  the  complex  fre¬ 
quency  plane  for  the  cascaded  network.  Once  the  root  contour  has  been  selected,  the  poles  and  zeros 
of  each  bridged-tee  section  in  the  cascade  are  constrained  to  points  which  lie  on  this  contour.  For  a 
small  sacrifice  in  flexibility,  the  root  contour  method  permits  an  orderly,  iterative  procedure  to  be 
used  to  determine  the  network  pole-zero  locations. 

A  logical  root  contour  is  the  constant-Q  contour  shown  in  Fig.  1  (c).  This  contour  results  in 
a  constant  ratio  of  w.  to  (?..  The  network  Q,  Qn>  is  defined  as, 

Qn  =  AW  = 

where  w  is  the  radian  frequency  at  which  the  delay  curve  peaks  and  Aw  is  the  bandwidth  at  which  the 
time  delay  is  down  by  50*  from  the  peak  value.  The  selection  of  this  contour  has  the  following  two  ad¬ 
vantages: 

(1)  For  constant  (frequency- independent)  component  Q's,  the  percent  error  in  peak  timedelay 
due  to  the  finite  component  Q  is  a  constant. 

(2)  The  L  and  C  component  values  vary  as  1/f,  (This  situation  may  be  compared  to  that 


resulting  from  the  selection  of  a  ■  onstant  sigma  (<? .)  cor-tour  in  which  two  components  remain  fixed  and  two 
vary  as  l/f* .) 

The  selection  of  the  value  of  Q  is  an  important  consideration.  Generally,  a  hign  value  is  desir¬ 
able  because  the  dispersive  bandwidth  orthe  networks  in  th<~  cascade  is  reduced  and  more  of  the  time-delay 
area  of  the  tee  will  be  contained  in  the  band  of  interest.  Thus,  the  network  effic  iency  is  increased.  How¬ 
ever,  several  limitations  e  .at  which  restrict  the  extent  to  which  Q  may  be  increased.  One  limitation 
in  the  increase  in  peak  (and  rms)  time  delay  error  that  occurs  for  an  individual  tee  when  the  network  com¬ 
ponent  quality  factor,  Q.  does  not.  significantly  exceed  Q  .  Figure  3  is  a  plot  of  this  error  as  a  function 
cf  0/Q_  for  a  matched  source  and  load  impedance.  The  error  is  not  a  simple  inverse  function  and  in¬ 
creases  rapidly  as  Q/Qn  decreases.  Figure  3  also  shows  the  increase  in  the  peak  attentalion  of  the  tee 
which  is  accompanied  by  a  corresponding  increase  in  the  input  VSWR,  Another  limitation  is  the  imprac¬ 
tical  component  values  which  result  from  a  high  Q  .  From  an  examination  of  the  equations  which  deter¬ 
mine  the  component  values  (Fig.  1(d)),  the  ratio  oftl  to  C2  and  L2  to  LI  is  seen  to  vary  appropriately 
as  Qna . 

2.2  Network  Efficiency 

A  useful  parameter  in  dispersive  network  synthesis  is  the  network  efficiency;  rj.  This  efficiency 
is  the  ratio  (expressed  in  percent)  of  the  minimum  area  (delay  pedestal  equals  zero)  jnder  the  desired 
delay  function,  T(f),  to  the  number  of  bridged-tee  networks,  m,  needed  to  synthesize  T(f).  Thus,  if 
T(f)  is  defined  in  the  interval  f^  to  f„,  then: 

ij  (in  percent)  =  j  T  (f)df/m  j  100 

The  network  efficiency  can  only  approach  100  percent  in  the  limit,  because  a  single  bridged-tee  network 
can  only  contribute  unit  area  when  the  delay  curve  is  integrated  from  zero  to  infinite  frequency. 

The  network  efficiency  which  can  be  obtained  in  practice  is  a  function  of  the  fractional  bandwidth 
at  which  the  synthesis  is  performed  and  the  Qn  selected.  The  efficiency  increases  with  an  increase  in 
each  of  these  factors.  The  limitations  on  Qn  have  previously  been  defined.  The  maximum  value  of 
fractional  bandwidth  is  limited  to  about  unity.  The  limitation  is  imposed  by  the  requirement  for  sub¬ 
sequent  translation  to  a  lower  percent  bandwidth  in  the  transmitter  or  receiver  signal  processor.  This 
translation  requires  the  selection  of  the  desired  sideband  by  a  filter,  and  the  order  of  the  filter,  for  a 
prescribed  undesired  sideband  rejection,  is  determined  by  the  fractional  bandwidth  of  the  spectrum  prior 
to  translation.  These  filters  must  be  delay  equalized,  and  the  complexity  of  the  equalization  becomes 
excessive  for  the  high  order  filters  which  accompany  a  high  fractional  bandwidth. 

Typical  values  for  network  efficiency  range  from  30  to  60  percent. 

2. 3  Dispersive  Subsection 

A  representative  dispersive  characteristic  is  shown  in  Fig.  4.  The  tiro.;  di-lay  versus  frequency 
curve  is  characterized  by  the  dispersive  bandwidth,  B,  the  dispersion,  T,  the  network  center  frequency, 
l  ,  and  the  delay  pedestal,  t  .  The  bandwidth-time  product  of  the  network  is  BT;  this  product  may  range 
from  20  to  several  thousand  ^vith  values  of  several  hundred  being  particularly  common.  The  minimum 
area  beneath  the  curve  (for  t  =  o)  is  0. 5  •  BT. 

P 

Since  the  bandwidth- time  product  of  the  network  is  usually  large,  it  is  expedient  to  synthesize 
a  subsection  having  a  lower  BT  product  (but  retaining  the  required  bandwidth)  and  to  then  achieve  the 
total  dispersion  by  a  cascade  cf  these  subsections.  The  BT  product  of  the  subsection  should  be  in  the 
range  of  35  to  30  in  order  to  secure  the  following  advantages: 

(1)  The  theoretical  inter-tee  time  delay  ripple  will  be  negligible  even  when  many  subsections 
are  cascaded. 

(2)  Some  types  of  individual-tee  time  delay  errors  will  have  a  tendency  to  cancel,  hi  particular, 
those  errors  which  are  not  associated  with  parasitic  elements  have  a  zero  mean,  and  the  major  contri¬ 
bution  of  the  error  occurs  within  a  dispersive  bandwidth,  Aw.  Thus,  if  the  tee  tuning  frequencies,  wj , 
are  closely  spaced  with  respect  to  Aw,  similar  type  errors  will  tend  to  canceL  This  closer  spacing  is 
obtained  as  the  BT  product  of  the  subsection  increases. 

2. 4  Network  Losses 

Dissipative  losses  occur  in  the  dispersive  networks  due  to  the  finite  component  Q  (primarily 
the  coil)  of  the  bridged-tee  circuit  The  dB  magnitude  of  this  loss  is  proportional  to  the  frequency,  the 
time  delay  and  the  component  Q.  A  good  approximation  to  the  dB  loss  in  a  dispersive  network  at  a  fre¬ 
quency,  f, ,  for  which  a  time  delay,  tj ,  exists  is: 

Loss  in  dB  =  27. 3  •  ^  •  t^  /  Q> 


23-4 


where  Q,  hi  the  shun*,  or  series  co  nponent  Q  (assumed  equal)  at  f;. 


Both  the  differential  anc  absolute  losses  are  Important.  Differential  losses  can  usually  be  com- 
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High  absolute  losses  result  in  iht?  dispersive  network  appearing  as  a  band-reject  filter.  This  effect 
occurs  because  the  time  delay,  and  thus  the  loss,  rapidly  goes  to  zero  outside  of  the  band  of  interest. 
Additional  phase-equalized,  band-pass,  filters  may  be  required  to  recover  the  signal-to  (out-of-band)- 
noise  ratio. 


The  dissipative  losses  can  be  minimized  by:  (1)  synthesizing  the  network  at  the  highest  practi¬ 
cal  fractional  bandwidth,  (2}  synthesizing  the  delay  characteristic  with  tne  peak  time  delay  at  the  low- 
frequency  end  of  the  band,  and  (3)  selecting  high-0  components. 


3.  TYPE  I  NETWORK 


The  Type  I  network  is  comprised  of  z  cascade  of  lumped  constant  second-order  bridged-tee 
networks.  This  second-order  network  was  originally  developed  urder  Air  Force  contract  AF30  (602)- 
2106  with  the  Rome  Air  Development  Center,  Rome,  N.  Y. ,  to  realize  pulse  compression  networks  having 
near  theoretical  performance  for  bandwidth-time  products  up  to  several  thousand.  B  is  suitable  for  dis¬ 
persive  bandwidths  up  to  about  30  MHz. 

The  first-order  network  (previously  shown  in  Figure  1(a))  is  useful  to  implement  moderate  com¬ 
pression  ratio  (up  to  several  hundred)  pulse  compression  systems.  This  network  is  less  satisfactory  to 
implement  high  compression  ratio  (several  thousand)  systems  for  several  reasons.  The  first  is  the  dele¬ 
terious  effect  of  the  stray  (parasitic)  parameters.  The  major  parasitics  consists  of  the  stray  capacity 
across  the  two  inductances  (LI  and  15)  and  the  lead  inductance  of  the  two  series  capacitors  (Cl).  These 
parasitics  cause  perturbations  in  the  time  delay  function;  additional  errors  will  arise  when  this  network 
is  cascaded,  because  the  input  impedance  is  not  a  constant  resistance  and  reflections  will  occur.  These 
effects  are  aggravated  in  the  synthesis  of  high  compression  ratio  systems  for  the  following  two  reasons: 

(1)  The  permissible  network  time  delay  error  for  a  prescribed  distortion-echo  level  is  a  func¬ 
tion  only  of  the  system  bandwidth.  The  delay  error,  expressed  as  a  percent  of  the  absolute  delay,  decr¬ 
eases  directly  as  the  compression  ratio  (or  bandwidth-time  product)  increases. 

&)  Tne  network  absolute  and  differential  losses  are  proportional  to  the  peak  time  delay  (and 
thus  compression  ratio)  and  to  frequency.  In  order  to  preclude  large  absolute  and  differential  losses, 
the  designer  ie  forced  to  increase  the  fractional  bandwidth  of  the  network.  High  fractional  bandwidths 
accentuate  the  deleterious  effects  of  parasitic  elements. 

3. 1  Second-order  (Compensated)  Bridged-tee 

The  second-order  bridged-tee  network  and  pole-zero  plot  is  shown  in  Fig.  5.  The  inclusion  of 
three  compensating  inductances,  designated  as  IS  and  L-4,  correct  for  the  stray  capacities.  Cl  and  C3, 
and  the  lead  Inductance  of  C2  and  C4.  This  compensation  restores  the  constant  resistance  characteristic 
of  the  network  and  eliminates  the  time  delay  error  due  to  these  parasitic  sources.  Tbs  compensation 
introduces  an  additional  pole-zero  pair  which  is  usually  removed  from  the  frequency  bind  of  Interest. 

The  position  cf  this  pole-zero  pair  ie  prescribed  by  the  parasitic  elements  and  Its  effect  on  the  in-band 
delay,  although  small,  Is  known  and  may  be  included  in  the  dispersive,  artwork  synthesis. 

The  values  of  the  compensating  inductances  depend  only  on  the  mtwjrk  impedance  level  and  the 
stray  coil  capacity.  The  values  of  the  series  eompt-arting  indue U&}  and  the  shunt  compensating 
inductance  (L4)  are  given  by: 

L2  =  (C3y2)Rg  henries 

L4  =  (Cj-C3/4)Ro3  henries 

Jf  the  total  capacity  across,  each  coil  can  be  designed  cr  adjusted  to  some  constant  value,  then 
the  compensating  inductances  will  be  the  same  for  all  tees  in  the  cascade  If  the  primary  pole  locations 
(w  and  jt,)  are  specified  and  the  values  for  Cl,  C3  and  R  are  known,  then  the  remaining  circuit  elements 
(LI,  C2,  *C4,  and  L3)  and  the  location  of  the  secondary  pole-zero  pair  are  determined. 

3.2  Implementation  of  Eecond-Qrder  Tee 

The  second-order  bridged-tee  schematic  is  given  in  Fig.  6.  Element  values  are  given  in  the 
accompanying  table  for  bridged-tees  tuned  to  7,  IS  and  27  MHz.  A  trimmer  capacitor  is  used  to  set  the 
total  capacity  in  parallel  with  each  coil  to  6.  Onpf.  Thus,  Cl  t  C3  and  IS  and  L4  of  Fig.  6  are  the  same 
for  all  tecs  in  the  cascade. 

The  impedance  level  selected  for  the  network  is  S3  ohma.  This  Impedance  is  somewhat  below 
the  impedance  for  optimum  coll  Q.  However,  the  effect  of  *t«;y  capacity  to  ground,  between  and  within 
'he  bridged-tee  network,  is  reduced.  In  addition,  93  ohms  is  a  standard  co-axial  cable  impedance  and 
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the  interconnection  o(  the  chassis  which  contain  the  tees  is  simplified,  (Note:  Higher  impedance  levels 
are  satisfactory  at  lower  frequencies.)  The  bridged  tecs  are  interconnected  by  a  plug-in  connecting  coil. 
This  coil,  together  with  the  bridged-tee  input  and  output  stray  capacity,  forms  a  pi  section  that  is  matched 
to  the  tee  impedance.  The  value  of  the  loaning  coil  was  determined  empirically  by  viewing  the  swept  input 
impc-dance  of  a  large  number  of  cascaded  tees  and  selecting  a  coil  value  which  resulted  hi  a  minimum  input 
VSWR. 


3,2. 1  Series  and  Shunt  Coil 

The  performance  of  the  compensated  bridged-tee  network  is  largely  determined  by  the  character  ¬ 
istics  of  the  series  (LI)  and  shunt  (L3)  coils.  The  coil  Q  determines  the  network  dissipative  losses  ar.d 
effects  the  time  delay  error.  The  long  term  and  temperature  stability  cf  the  network  are  also  primarily 
determined  by  the  coil.  The  coil  developed  Is  shown  in  Fig.  ?.  The  core  materiri  is  Siferrit  K-12  which 
is  manufactured  by  Siemens- Halske  in  Germany.  The  intrinsic  core  permeability  is  20  and  the  tempera¬ 
ture  coefficient  is  0  to  200  ppm/°C.  The  core  is  gapped  to  an  effective  permeability  of  about  3  with  a 
resultant  reduction  in  the  temperature  coefficient  to  0  to  30ppm/JC.  All  w hidings  are  single  layer;  optimum 
Q  is  obtained  with  a  space  between  adjacent  windings  equal  to  the  wire  size.  The  wire  size  is  made  as 
large  as  possible  within  these  constraints.  Q  values  over  300  were  obtained  up  to  20  MHz. 

The  coil  assembly  is  completely  shielded  by  a  drawn  metal  case.  The  assembly  also  contains  a 
piston  trimmer  capacitor  which  is  used  to  adjust  the  coil  shunt  capacity  to  the  design  value  of  6.0p.pf. 

3".  2. 2  Construction  Details 

A  photograph  of  a  representative  bridged-tee  assembly  is  shown  in  Fig.  8.  The  tee  2s  4"  long. 

3"  wide  and  2  1/2”  deep.  The  shunt  and  series  coils  are  mounted  on  the  top  side  and  the  coil  adjusting  slug 
Is  accessible  from  this  side.  The  two  terminals  cf  the  coil  extend  through  %  cut-out  in  tnc  support  board 
and  are  connected  through  supporting  legs  to  a  Y  board  assembly. 

The  Y  beard  assembly  Is  a  glass-epoxy  printed  circuit  board  that  contains  the  remaining  compon¬ 
ents  of  the  bridged-tee  network.  These  components  are  the  series  (C2)  and  shunt  (C4)  silvered -mica 
capacitors  and  the  three  compensating  inductances  (L2  and  L4),  The  Y  board  is  a  convenient  sub-assembly 
that  is  fabricated  and  aligned  prior  to  its  assembly  to  the  main  board. 

3. 3  Error  Analysis 

An  error  analysis  was  performed  on  the  second-order  bridged-tee  network.  This  analysis  deter¬ 
mined  the  time  delay  and  input  VSWR  caused  by  the  finite  circuit  Q  and  deviations  of  the  primary  and  com¬ 
pensating  elements  from  the  theoretical  value.  The  time  delay  errors  were  calculated  assuming  tLs  tee  to 
be  driven  by  a  resistive  source  impedance  equal  to  93  ohms.  In  addition,  it  was  assumed  that  the  series 
and  shunt  inductances  were  tuned  (after the  circuit  perturbation  had  been  introduced)  in  a  manner  identical 
to  that  prescribed  by  the  normal  production-line  tuning  procedure.  This  tuning  procedure  results  in  the 
series  (LI)  and  shunt  (L3)  coils  being  detuned  from  the  design  value  to  compensate  for  the  original  error. 

The  procedure  minimiz  is  the  input  VSWR  and  time  delay  error.  Figure  9  shows  the  peak  time  delay  er¬ 
ror  for  a  tee  tuned  to  18  MHz  versus  the  percent  error  for  Cl,  C3,  12  and  L4.  LI  and  L3  have  been  tuned 
to  minimize  the  input  VSWR  while  simultaneously  obtaining  the  correct  phase  shift  at  the  resonant  frequency 
of  the  tee  (Id  MHz).  These  errors  may  be  compared  to  the  finite  O  error  of  about  69  picoseconds  for  a 
shunt  and  series  coil  Q  of  250. 

The  effect  of  unequal  coil  Q  on  the  time  delay  error  is  shown  in  Fig.  10.  The  error  oorve  has 
even  symmetry  and  a  zero  mean  error.  Note  the  large  increase  in  the  error  for  the  unequal  Q  case.  To 
avoid  this  large  error,  the  shunt  and  series  Q  are  set  equal  during  the  production  alignment  of  the  tee  by 
selecting  the  Q-equalising  resistor  (see  Fig.  6)  which  shunts  L3.  The  equal  Q  condition  is  recognized 
by  observing  the  swept  input  impedance  of  the  completed  tee  assembly.  The  input  VSWR  has  the  same  shipe 
as  the  delay  error  curve  and  the  VSWR  is  a  minimum  when  the  Q’s  are  equal 

3. 4  Applications  and  Measured  Electrical  Performance 

The  second-order  tee  was  used  initially  to  implement  two  PC  systems  having  compression  ratios 
over  1000  and  handwidths  of  0. 6  and  33  MHz.  This  original  experimental  work  was  sponsored  by  the  Some 
Air  Development  Center,  Rome,  N.  Y.  Subsequently,  this  network  was  used  to  implement  tne  pulse  com¬ 
pression  subsystems  for  the  ALTA1R  and  ALCOR  instrumentation  radars  on  Kwajalein  Atoll  and  the  Ram- 
site  instrumentation  radar  at  the  White  Sands  Missile  Range.  The  ALCOR  subsystem  was  produced  under 
subcontract  to  Lincoln  Laboratory  and  production  records  available  from  this  program  are  indicative  of  the 
contra!  of  the  dispersive  characteristic  which  can  be  achieved. 

A  basic  dispersive  subsection  for  the  ALCOR  system  consists  of  48  bridged-tees.  This  network 
had  a  dispersion  of  3  ps  over  a  bandwidth  of  17. 6  MHz.  The  BT  product  of  a  subsection  is  52. 8  and  the 
network  (synthesis)  efficiency  is  55£ .  The  network  Q  is  10  and  the  delay  pedestal  is  4boui  20 f,  of  the  dis¬ 
persion.  The  network  has  unity  fractional  bandwidth. 

A  total  of  thirty- two  subsections  were  produced  and  the  phase  chaiactistic  cf  each  network  was 
measured.  This  phase  characteristic  was  fitted  to  that  quadratic  curve  which  resulted  i r  the  least  mean 
square-  error  fit  over  the  bandwidth  of  17. 6  MHz.  This  quadratic  defined  the  network  dispersion  and  the  raw 
phase  error  of  the  network. 

The  ms  phase  error  and  the  dispersion  for  the  32  networks  are  shown  in  Table  I  of  Fig.  11,.  The 
average  rras  error  is  about  1. 0°;  the  average  dispersion  is  3. 006  ps.  Table  u  in  Fig.  11  shows  the  remits 
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of  ;t  Fourier  analysis  of  the  residual  phase  error  of  a  typical  network.  The  rms  error  i-  0. 83“.  The 
phase  error  shown  in  the  fourth  ^o.urnn  can  be  converted  by  the  paired-echo  theory  of  Wheeler  [  3  )  to  an 
equivalent  error-echo  side  lobe  level.  This  sideiobe  level  is  show  in  column  five  and  the  largest  paired 
echo  sideiobe  results  from  the  sixth  harmonic  term  which  is  4S  dll  down. 

The  3  ps  networks  were  subsequently  cascaded  in  groups  of  five  to  obtain  six  separate  15  jis  net¬ 
works.  The  overall  phase  error  of  the  network  was  then  measuied  and  a  15-tee  cor.  ector  designed  to 
provide  the  final  residual  phase  correction.  The  data  is  summarized  in  Table  HI  of  Fig.  11.  The  rms 
phase  error  for  five  of  the  six  networks  is  less  than  1. 0°. 

The  six  networks  were  subsequently  delivered  to  Lincoln  and  thence  to  the  radar  site  at  Kwajalein. 
On  site  phase  measurements  on  the  six  networks  werp  performed  approximately  one  year  after  the  initial 
measurements.  This  data  i3  also  shown  in  Table  III  of  Fig.  11.  In  the  worse  case,  the  rms  error  had  in¬ 
creased  to  1.42°. 

A  representative  phase  "rror  curve  for  a  15  ps,  17.6  MHz  network  (BT  =  254)  is  -<hown  in  Fig. 
12(a).  This  network  is  *3  of  Table  E  and  has  a  rms  error  of  0.95  degrees.  A  Fourier  analysis  of  this 
error  was  made  and  the  largest  equivalent  error-echo  sideiobe  level  is  47  dB  down.  The  amplitude  re¬ 
sponse  of  this  network  is  shown  in  Fig.  12(b).  This  degree  of  amplitude  correction  was  obtained  by  appro¬ 
priately  "Q- loading"  the  15-tee  final  phase  corrector.  The  error  sideiobe  level  associated  with  this  de¬ 
gree  of  amplitude  distortion  is  commensurate  with  the  network  phase  errors. 

In  addition  to  the  amplitude  equalizers,  the  15  p s  network  contained  a  sharp,  phase-equalized 
band-pass  filter.  The  impulse  response  of  the  dispersive  network  and  this  band  truncating  filter  is  shown 
in  rig.  12(c).  The  6  db  expanded  pulse  width  is  15  ps. 

3. 4. 1  Oscilloscope  Photographs 

Figure  13  shows  some  osciiloscope  photographs  from  another  pulse  compression  system  imple¬ 
mented  with  the  Type  I  network.  The  expanded  and  compressed  pulses  are  shown  for  a  system  having  a 
BT  product  of  210  and  a  bandwidth  of  7  MHz.  A  transversal  equalizer  was  used  to  provide  the  residual 
amplitude  and  phase  correction  needed  to  obtain  the  -43  dB  sidelobes  shown  in  Fig.  13(c). 

4.  TYPE  3  DISPERSIVE  NETWORK 

TLe  Type  3  dispersive  network  is  realized  as  a  cascade  of  miniaturized,  first-order  bridged-tees. 
This  network  was  developed,  as  part  of  a<>  in-house  IR  and  D  program,  to  fulfill  a  need  for  small,  light¬ 
weight,  pulse  compression  systems  intended  for  mobile  or  airborne  use.  hi  addition,  the  following  second¬ 
ary  objectives  were  generally  achieved: 

(1)  Retention,  to  the  extend  possible,  of  the  electrical  performance  of  the  Type  I  network. 

(2>  Adaptability  to  mass  production  at  low  unit  cost. 

4. 1  Electrical  and  Mechanical  Design 

A  schematic  of  the  iirst-ordcr  network  is  shown  in  Fig.  14(a)  and  an  exploded  view  showing  the  tee 
mechanical  configuration  is  shown  in  Fig.  14(b).  The  capacitor  micro-package  consists  of  three  chip  capac¬ 
itors,  a  lead  frame  and  a  ceramic  die.  A  ceramic  sheet  0. 920  in.  thick  contains  63  0. 375  x  0. 25  in.  dice 
with  vacuum  evaporated  copper  film  conductor  patterns.  The  lead  frame  (which  is  an  etched  0. 010  in.  thick 
copper  structure)  and  the  Capacitors  are  soldered  to  the  dice„  A  molded  shell,  within  which  one  such  chip 
is  encapsulated,  comprises  the  support  structure  for  the  individual  tee. 

The  capacitors  are  NPO  ceramic  chip  and  are  reflow-soldered,  189  at  a  time,  before  the  substrate 
is  separated  into  dice.  The  lead  frame  is  attached  to  the  die  perimeter  and  functions  both  as  the  external 
electrical  connection  -aid  the  mechanical  support  for  the  toe  assembly.  The  toad  frame  contains  take  (not 
shown  In  the  exploded  view)  to  accept  the  inductor  wu  es,  The  capacitors  are  then  trimmed  to  the  desired 
value  by  air  abrasion.  A  capacitor  trimming  fixture  -as  designed  and  constructed  for  attachment  to  the  S.  S, 
White,  Model  G,  Industrial  Alrbraaive  Unit.  A  mici  escape  is  used  to  view  each  capacitor  under  the  nozzle 
it*,  order  that  the  operator  car,  monitor  the  mechanical  erosion.  The  capacitance  value  is  monitored  by  a 
General  Radio  1680  Automatic  Capacitance  bridge. 

The  cleaned  capacitor  substrate  is  encapsulates  in  a  molded  shell  with  a  low  loss,  low  dielectric, 
silicon  rubber  potting  compound  commercially  available  as  Emerson  and  Camming  Eccosil  4640.  The  use 
of  this  material  for  the  capacitor  encapsulation  results  in  negligible  change  in  measured  capacities  and  no 
apparent  effect  upon  capacitor  Q. 

The  colls  are  attached  to  the  sides  of  the  completed  capacitor  package  with  a  high  strength  silicon 
rubber  adhesive.  The  coils  are  adjustable  pot  core  inductors  (11  x  7  mm)  for  frequencies  up  to  about  30 
MHz.  From  SC  MHz  to  150  MHz  these  coils  are  replaced  by  an  air  coil  having  a  powdered  iron  slug. 

A  cascade  of  52  tees  Is  shown  in  the  photograph  of  F%,  15.  Each  chassis  contains  15  tees  and  the 
cover  of  one  chassis  has  been  removed  to  show  the  internal  configuration.  The  individual  chassis  is 
1"  x  1 1/4”  x  S  1/2”  and  the  resultant  volume  pci  tee  is  0. 9  cubic  inches.  For  network  efficiencies  of  about 
50$ ,  the  siit  of  the  compression  or  expansion  can  be  quickly  estimated  since  the  volume  to  cubic  inches  trill 
be  approximately  equal  tc.  ihe  compression  ratio  (or  bandwidth-lime  product). 

The  chassis  developed  is  a  compact  rigid  structure  which  holds  13  bridged-tees  and  has  recessed 
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co-rxiai  cs..r.ccters.  The  recessed  connector  feature  eliminates  interconnecting  cables  by  permitting  the 
’'hassle  to  be  plugged  together  as  shown  lit  Fig.  15. 


Three  different  dispersive  subsections  were  designed,  constructed  and  measured.  Each  network 
had  26  tees  and  a  BT  product  of  about  26.  The  networks  differed  in  bandwidth  and  center  frequency.  The 
design  and  measured  parameters  are  summarized  in  Table  1  of  Fig.  16.  Table  II  of  Fig.  16  shows  the 
equivalent  error-echo  sidelobe  level  resulting  from  a  Fourier  analysis  of  the  three  sots  of  measured 
phase  data. 

4.2.1  Network  il 


This  network  had  a  bandwidth  o£  17. 6  MHz  and  a  dispersion  of  1. 5  ps.  It  was  designed  at  unity 
fractional  bandwidth  and  can,  thus,  be  compared  with  the  17. 6  MHz,  Type  I  network  previously  described. 
The  theoretical  RMS  phase  error  for  this  design  is  0. 09  degrees.  The  measured  phase  erior  was  0. 96  and 
the  measured  dispersion  was  in  error  by  3  ns.  The  largest  paired-echo  sidelobe  Is  49  dB  down.  The 
unit  has  an  equalized  loss  of  6  dB. 


4.2.2  Network  #2 


The  network  has  a  60  MHz  dispersive  bandwidth  centered  at  60  MHz.  The  network  was  designed 
at  a  50  ohm  impedance  level  to  reduce  the  effects  of  stray  parameters  and  to  be  compatible  with  test  equip¬ 
ment  (used  for  alignment)  in  this  frequency  range.  The  initial  tuning  of  the  network  resulted  in  an  RMS 
phase  error  of  8. 3°.  A  subsequent  retiming  reduced  the  error  to  2. 2°.  It  is  probable  that  this  retailing 
is  equivalent  to  a  calibration  of  the  alignment  fixture.  If  this  is  true  then  the  anticipated  error  in  produc¬ 
tion  would  be  about  2  degrees. 


4. 2. 3  Network  #  3 


This  network  was  de  signed  for  a  dispersive  bandwidth  of  60  MHz  rente' 120  MHz.  This 
lower  fractional  bandwidth  (0. 5)  lesulted  in  a  decrease  in  network  efficiency  m.  resultant  BT  product 
cf  20.  With  the  exception  of  the  decreased  network  efficiency,  the  performance  was  generally  comparable 
to  ihe  previous  network.  The  RMS  phase  error  after  the  initial  tuning  of  the  network  was  4. 4  ;a  subsequent 
vet-mirc  reduced  the  error  to  2. 7°. 


5.  TV?E  HI  NETWORK 

For  pulse  compression  systems  with  bandwidths  above  100  MHz,  the  usefulness  c£  the  lumped- 
constant,  bridged-tee  network  rapidly  decreases.  This  ia  particularly  true  for  high  compression  ratio 
systems  because,  while  tk?  network  alignment  and  component  tolerances  become  more  difficult  to  achieve, 
the  mathematical  model  (a  lumped  constant  circuit)of  the  network  is  less  valid. 

To  replace  the  bricfged-tee  circuit,  for  high  compression  ratio,  wide -band  systems,  a  network 
having  tee  following  pro oert ion  !«•  desired: 

(1)  A  distributed-constant  network. 

(2)  A  theoretically  all-pass  network,  (Narrow- band  approximations  are  aet  sufficient,  because 
a  high  compression  ratio  forces  tiie  designer  to  use  high  fractional  ban  twidihs  to  avoid  ex¬ 
cessive  dissipative  less. ) 

(3)  A  dispersive  characteristic  which  results  is  a  reasonable  nstw.  rk  efficiency. 

(4)  A  high  Q  network.  (A  trade-off  should  also  exist  between  the  physical  size  of  the  network 
and  the  network  Q.  This  permits  the  designer  to  choose  a  Q  commensurate  with  the  com¬ 
pression  ratio  and  realize  a  smaller  size.) 

(5)  Compact,  rugged  and  inexpensive  to  fabricate. 

A  network  which  has  these  properties  is  a  quarter-  wave,  all-pass,  coupled  transmission  line. 

This  line  is  the  distributed  constant  equivalent  of  the  lumped-constant,  all-pass,  bridged-tee  network. 

5. 1  Theory  of  All-pass,  Ouarter-wave  Coupled  Lines 

The  basic  microwave  strructure  consists  of  two  closely  spaced  parallel  conductors  (lines)  located 
either  between  ground  planes  or  above  one  ground  plane,  and  shorted  at  one  end.  The  lines  are  usually 
uniform  and  symmetrical  with  respect  tr  the  ground  plane.  If  a  dielectric  is  used,  it  should  be  homogen¬ 
eous  throughout  the  structure.  The  line  is  driven  and  terminated  (loaded)  with  respect  to  ground  at  the 
conductor  ends  which  are  net  shorted.  The  dispersion  peaks  at  the  frequency  at  which  the  line  becomes 
a  quarter  of  a  wavelength  and  thereafter  at  odd  multiples  of  this  frequency. 

A  schematic  representation  is  shown  in  Fig.  17(a)  and  a  practical  implementation  is  shown  in 
Fig,  17(b).  The  theory  of  coupled  lines  is  described  in  detail  in  the  literature  [  4  ]  f  5">  [  6  j  and  the  follow¬ 
ing  Uj  presented  without  proof. 

For  the  structure  under  consideration,  the  characteristic  impedance  of  i,ie  line  to  ground  ZQ, 
is  the  geometric  mean  of  the  odd,  Z^,  and  oven,  Z^.  mode  impedance,  J 
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Two  useful  parameters  of  the  line  are  the  coupling  ratio*  p, 

o  =  2  !  2 

r  Art 


and  five  coupling  fa<  *or,  k. 


k*-£±- 

p+l 


Z  -Z 
oe  oo 

Z  +Z 
oe  oo 


From  the  relations  that  define  them.  Z  and  Z  are  independent  quantities  determined  by  the  geometry. 
Thus,  tlie  characteristic  impedance  of  fne  line  and  the  coupling  ratio  can  be  independently  specified. 

5. 1.  i  Transfer  Function 

The  transfer  function,  the  location  of  tite  singularities  in  the  complex  frequency  plane,  and  the 
expression  for  the  time  delay  for  all-pass,  coupled  lossless  lines  have  been  derived  by  Steenaart  C  6 1 
and  is  presented  below: 

The  transfer  function  of  the  line  is 

V  out  /n.  Jp  -  itanQ 
Vln  w  ~jpT+  jtar.9 

wnere  in  ,v  ,  /  » 

jG  =  hj"  («A>0) 

t  =  the  length  of  the  line 

9=01  =  the  electrical  length  of  a  uniform  line  of  length  i  and  phase  constant  p 

=  the  radian  frequency  at  whicn  the  line  length  is  equal  to  a  quarter  wave-length  and  9=?/2 

By  introducing  and  substituting  the  complex  frequency  var'able, 

s  =  e*  }8  =  *  {<*+  ju i) 

o 

the  singularities  in  the  s-plane  can  be  shown  to  exist  at: 

to  ~  w  (I  +  2k),  k  =  0,  1,  2. , . 

°?  1  JS  +  i  \ 

«  *  uj+  *  la#-rr) 

The  singularities  are  periodic  and  lave  a  period  of'  2w  .  The  pole-zero  plot  for  ?  copied  line  to  shown  in 
Fig.  17  (c).  «o  is  determined  by  the  physical  length  «  the  line. 

For  a  given  w  ,  or  is  deta-  mined  by  the  coupling  ratio  p.  As  p  increases,  by  increasing  the  coupl¬ 
ing  between  the  lines,  tne  pole-zero  pairs  move  closer  to  the  jw-axis  and  the  dispersive  bandwidth  assoc¬ 
iated  with  a  pole-zero  pair  decreases  with  a  corresponding  increase  in  the  peak  time  delay.  For  efficient 
dispersive  network  synthesis,  p  should  be  as  high  as  possible. 

The  phase  shift,  4,  and  t’me  delay  T_  (»)  are  given  by: 

•  M  -  2tan-i  '*“1  <*> 


VP 

J/ET— 

2  v  ,  a? . 


(i)  f  ,  m  ,  .2  i  ,1 
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For  high  values  of  p,  the  time  delay  is  nearly  identical  to  that  for  a  lumped  constant,  tirsi-«*der.  »'l-pas« 
bridged-tee  network.  This  similarity  is  shown  in  Fig.  18  which  shows  the  phase  and  time  delay  in 
interval  from  0  to  2w  for  a  practical  line  which  has  a  p  equal  to  15.  Also  plotted  is  the  time  delay  which 
would  occur  from  a  single  pole-zero  pair  which  characterises  a  lumped-constant,  first  order,  network. 
This  single  pair  is  located  at  w  and  has  the  real  part  of  the  pole  location  (e.)  adjusted  to  give  the  same 
peak  time  delay  as  the  periodiexurve.  The  curves  are  alike  in  the  region  wfere  the  time  delay  to  signifi¬ 
cant 


5. 2  Dispersive  Network  Synthesis 

A  dispersive  characteristic  can  be  synthesized  by  a  cascade  of  all-pasc.  quarter  wave,  coupled 
transmission  lines,  tn  general,  the  delay  contribution  of  the  first  pole-zero  pair  {which  occurs  a- w  ) 
of  each  line  in  the  cascade  is  used  to  realize  the  desired  time-delay  function.  The  desired  deli./  function 
is  usually  synthesized  within  the  interval  from  w*  to  2wT  .  where  w'  is  the  quarter-wave  frequency  o!  the 
longest  line  in  the  cascade.  Thus,  we  avoid  most  of  tbo  sJelay  contribution  from  all  the  remaining  (periodic) 
pole-zero  pairs  of  all  the  lines  in  tl«e  cascade.  The  fractional  bandwidth  must  be  less  than  one  and,  in 
practice,  the  fractional  bandwidth  is  about  0. 5  for  an  efficient  design.  The  time  delay  function  is  synthes¬ 
ized  with  the  maximum  time  delay  at  the  lowest  frequency.  This  reduces  the  absolute  and  differential 
dissipative  losses  of  the  network, 

5. 3  Network  Efficiency 

Network  efficiency  may  be  defined  for  quarter-wave  lines  in  the  same  manner  as  for  the  lumped 
constant  networks.  For  practical  values  of  p(p<  15),  the  efficiency  will,  In  general,  be  lower  by  almost 
a  factor  of  2. 

A  network  Q,  O  ,  is  a  useful  parameter.  U  is  defined  in  the  same  manner  sa  for  tb?  lumped 
constant  circuit  and  is  the  ratio  of  the  quarter-waze  rwSian  frequency,  Wq,  to  the  real  part  of  the  complex 
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frequency  variable,  oc  Qn  is  a  function  of  the  coupling  ratio  as  shown  below: 

%  =  *0/<*  =  ff/ln  IfT+l/jp-l) 

TKo  fftl  Iaid  <n<r  a  lmp)if|oH  avnynrajnn  fOT  Q^°y  b£  US$d  i9H£  thill  tQlot’Vnr^  tuhott  p  >  4* 

^=1^.1.  5?^ 

Figure  19  shows  the  network  efficiency  as  a  function  of  several  network  parameters. 

Figure  19  (a)  plots  efficiency  versus  fractional  bandwidth  for  several  values  of  the  coupling  ratio.  Figure 
19  (b)  plots  the  efficiency  versus  fractional  bandwidth  for  two  networks,  which  have  different  time-band¬ 
width  products.  The  plot  shows  that  the  efficiency  is  almost  independent  of  the  BT  product  for  BT^  10. 
Figure  19  (c)  is  for  a  fractional  bandwidth  of  0.  5  and  shows  tiie  variation  in  efficiency  over  a  practical  range 
of  coupling  factors.  The  curves  plotted  in  Fig.  19  were  obtained  by  computer-synthesizing  networks  to 
obtain  the  data  points.  The  networks  were  synthesized  for  the  best  efficiency  with  a  delay  error  commen¬ 
surate  with  a  40  dB  sidelobe  level.  However,  the  synthesis  procedure  was  not  optimized  in  a  strict  sense, 
and  the  curves  should  be  interpreted  as  a  "good  estimate"  rather  than  as  a  limit  to  the  obtainable  efficiency. 

5. 4  Practical  Implementation  of  Cascaded  Couples  Lines 

The  best  practical  configuration  for  cascaaed  lines  is  obtained  by  realizing  the  coupled  lines  in 

dielectric  stripline  as  broadside  coupled  plates  (or  strips)  parallel  to  the  ground  plane.  This  configuration 

is  selected  for  two  reasons:  (1)  close  coupling  can  be  obtained  (p’s  in  the  range  from  15  to  25),  and  (2)  it 

is  easy  to  cascade  the  lines  because  the  interconnecting  strips  are  cc -planar  with  the  coupled  lines.  The 

parameters  of  a  broadside  couplet.  line  are  the  ground  plane  separation,  b.  the  coupled  line  separation,  s, 

the  coupled  line  width,  w,  and  the  thickness  of  the  coupled  lines,  i.  These  dimensions  are  shown  in  Fig.  20 

(a)  and  define  the  Z  and  p  cf  the  line  f  7 1  t-  8 1. 
o 

It  is  desirable,  for  ease  of  construction-  lor  all  lines  in  the  cascade  to  have  identical  dimensions 
(except  for  length).  It  is  also  desirable,  for  reasons  previously  discussed,  to  perform  the  network  syn¬ 
thesis  with  the  first  pole- zero  pairs  constrained  to  a  constant  6  contour.  The  following  shows  law  this 
is  realized.  Consider  a  cascade  of  lines  wherein  each  line  has  identical  dimensions  except  for  length.  The 
lines  are  physically  separated  by  at  least  a  ground  plane  spacing  to  avoid  coupling  between  adjacent  lines. 
The  lines  are  shown  in  Fig.  20  (b).  The  lines  are  shorted  at  one  end  (not  s:‘  »n)  and  are  interconnected 
By  strips  (also  not  shown)  which  are  cc-planar  with  the  coupled  lines.  The  interconnecting  strips  have  the 
same  Z  as  the  coupled  lines.  Since  the  line  separation,  s,  is  constant,  the  entire  cascade  and  interconn¬ 
ecting  scrips  can  be  realized  on  a  single  double-sided  printed  circuit  board.  Also,  since  each  line  in  the 
cascade  has  identical  dimensions,  the  coupling  ratio,  p,  fcr  each  line  is  the  same.  The  network  Q,  Q_, 
of  the  first  pole-zero  pair  is  also  the  same.  Thus,  the  root  contour  for  the  first  pole-zero  pair  of  eaefi 
line  in  the  cascade  is  a  straight  line  having  aslope  Q  and  an  intercept  at  the  origin.  This  root  contour 
is  shown  in  Fig.  20  (c). 

L  5  Dispersive  Subsections 

Several  dispersive  subsections  have  been  synthesized  on  a  constant  Q  contour.  A  multiplicity 
of  these  identical  subsections  can  be  cascaded  to  increase  the  bandwidth-time  product.  The  results  of  the 
network  synthesis  for  three  representative  designs  are  shown  in  Table  I  of  Fig.  21.  The  bandwidth-time 
product  of  two  designs  is  10  and  the  third  is  15.  A  Fourier  analysis  and  the  resultant  sidelobe  level  of  the 
theoretical  time  delay  error  is  shown  in  Table  II  for  Design  No.  I.  These  (theoretical)  errors  are  signi¬ 
ficantly  below  the  errors  which  will  occur  in  the  physical  i-aalization  of  the  lines.  Although  the  designs  are 
shown  for  a  specific  center  frequency  and  bandwidth,  the  designs  may  be  (frequency)  scaled  and  are  gener¬ 
ally  useful. 

5. 6  Construction  Details 

Techniques  to  realize  coupled  lines  in  stripline  are  covered  in  detail  in  the  microwave  literature. 

In  particular,  the  coupled  line  is  ir.  widespread  use  as  a  quadrature,  backward  wave,  hybrid.  One  method 
of  implementing  a  cascade  of  lines  is  shown  in  Fig.  22,  This  particular  design  is  for  1/2  inch  ground  plane 
spacing.  The  dielectric  is  Tellte  S3  cr  an  equivalent  irradiated  polyolefin,  item  1  consists  of  1/4  inch  thick 
dielectric  backed  on  one  side  by  a  ground  plate.  These  sheets  are  commercially  available.  Item  2  is  a 
printed  circuit  board  with  the  coupled  lines  printed  on  opposite  sides.  For  the  design  shown,  the  printed 
circuit  board  Tts  a  thickness  of  0. 0*3  inches.  The  dielectric  thicknecs  is  0. 020  inches  (s)  and  the  1  ounce 
copper  strips  are  u.  0?'  5  inches  (t).  The  resultant  ground  plane  spacing  is  0.  523  inches  (b).  The  ccupied 
lines  are  separated  by  two  g»cvnd  plane  spacings  (about  one  inchko  reduce  the  coupling  between  ad  jnceni 
pairs  to  a  negligible  amount.  The  cucpled  line  width  (w)  is  0. 278  inches.  The  design  results  in  a  fine 
impedance  of  30  ohms  and  a  coupling  ratio  o»  !5. 2,  The  strips  which  interconnect  the  lines  also  have  a  Z 
of  SO  ohms  and  are  about  0. 816  inches  wide.  The  celled  lines  areshorted  at  one  end  of  the  printed  circuit 
board  by  a  copper  taL  which  extends  through  the  dielectric.  A  cascade,  as  shown  in  Fig.  22,  usually  con¬ 
stitutes  a  dispersive  subsection.  These  subsections  are  connected  together  with  30  ohm  cable.  A  quarter- 
wave  transformer  is  used  at  the  input  and  output  of  the  composite  network  to  convert  to  50  ohrca. 

Any  network  design  can  be  physically  scaled  in  two  dimensions;  the  line  lei^th.  of  course,  must 
remain  the  same.  A  scaled  network  retains  the  same  impedance,  coupling  ratio  and  (thus)  transfer  func¬ 
tion.  In  Figure  23  the  approximate  network  volume  is  plotted  versus  bandwidth  for  three  values  of  ground 
plane  spacing  for  a  network  efficiency  of  25  percent. 

5. 7  Network  Losses 

Dissipative  losses  occur  in  the  coupled  conductors  and  in  the  dielectric.  These  losses  have  been 
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analyzed  by  Koike*  Reference 9  :  this  analysis  was  performed  at  Razeliine  under  contract  AF3C(602)-3576  J 

For  a  given  imparlance  level  and  coupling  ratio,  the  losses  are  primarily  controlled  by  the  ground 
plane  spacing.  The  large  spacing  of  the  previous  example  (0.  523  inches)  results  in  low  peak  and  differen¬ 
tial  losses.  The  theoretical  losses  are  plotted  in  Fig.  24  for  this  ground  plane  spacing  as  a  function  of  the 
dispersive  bandwidth  of  the  network.  The  curves  are  for  a  network  with  a  BT  product  of  100  and  a  delay 
pedestal  of  40  percent  of  the  dispersion.  The  dB  loss  scales  directly  with  the  BT  product.  The  dielectric 
losses  were  assumed  to  be  zpro;  this  is  a  reasonable-  assumption  for  an  irradiated  polyolefin  dielectric 
for  the  bandwidths  shown.  Theoretical  Q  versus  frequency  is  shown  in  Fig.  25  for  three  values  of  ground 
plane  spacing  for  the  case  of  a  lossless  dielectric.  These  curves  may  be  used  with  the  loss  equation  of 
Section  2.  4.  to  compute  the  network  loss  for  any  bandwidth  and  center  frequency  for  the  design  (or  scaled 
design)  given  in  paragraph  5.  6  above.  Measured  Q  data,  for  0.  3  inch  ground  plane  spacing,  from  200  to 
400  MHz  is  also  shown  in  Fig.  25. 

5.  8  Experimental  Results 

Experimental  results  are  presented  to  demonstrate  the  feasibility  and  performance  of  the  proposed 
s’.ripline  technique.  One  design  which  was  constructed  is  Design  No.  1  shown  in  Fig.  21.  This  design  has 
a  bandwidth  of  500  Mhz  and  a  center  frequency  cf  1000  MHz.  The  basic  dispersive  subsection  has  a  BT 
product  of  10  and  is  comprised  of  20  cascaded  lines.  The  ground  plane  spacing  used  was  0. 25  inches  and 
‘he  20  coupled  lines  were  contained  on  a  single  printed  circuit  board.  The  dimensions  cf  the  basic  subsec¬ 
tion  was  0. 25"  x  4"  x  15”.  A  photograph  of  the  basic  subsection  is  shown  in  Fig.  28. 

A  total  of  ten  subsections  was  constructed.  These  subsections  were  then  cascaded  to  realize  a 
network  having  a  BT  product  of  100.  Measurements  were  made  on  the  individual  subsections  anil  on  the 
cascaded  network.  The  results  confirm  the  technique  and  are  summarized  in  Fig.  27.  The  RMS  phase 
t  ?ror  for  the  subsection  was  about  2  degrees.  The  RMS  errer  for  the  entire  cascade  was  b.  5  degrees. 

7  he  individual  errors  do  not  correlate  but  add  in  a  root-mean-square  manner.  The  equalized  loss  of  the 
subsection  was  almost  40  dB  and  is  plotted  in  Fig.  27  id). 
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Technology,  Lexington  lassachusetts.  The  authors  wish  to  express  their  acknowledgement  and  apprecia¬ 
tion  of  the  technical  cor-t*  lations,  support  and  stimulation  provided  throughout  these  programs  by  Jerome 
Margolin  of  Lincoln  Laboratory. 

Tlie  work  described  las  been  performed  over  a  period  of  years  and  is  the  result  of  the  efforts  of 
many  people  in  research,  engineering  and  production.  In  particular,  the  authors  wish  to  acknowledge  the 
significant  contributions  and  direction  provided  by  Messrs.  John  J.  Strong  and  Charles  E.  Page  of  the 
Hazeitine  Research  Laboratories  and  the  technical  contributions  of  Mr.  Sheldon  Kerbel. 
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TABLE  I 


RMS  Phase  Error  and  Dispersion  for  3  ps,  17.  6  MHz  Network 


f 

Network 

Number 

ims  Phase 

Error  in  Degrees 

Dispersion 
in  ps 

Network 

Number 

RMS  Phase 
Error  in  Degrees 

- “7 

Dispersion 
in  ps 

1 

0.78 

2.999 

17 

0.62 

3.  008 

2 

0.83 

2.999 

18 

0.  79 

3.006 

3 

1.34 

3.001 

19 

0.94 

3.012 

4 

0.75 

3.004 

20 

0.89 

3. 009 

5 

0.81 

3.007 

21 

0.44 

3.010 

6 

1.30 

3.007 

22 

0.46 

3.  004 

7 

1.23 

3.007 

23 

1.01 

3.  004 

8 

0.93 

3.  007 

24 

0.88 

3.005 

9 

0.04 

3.005 

25 

0.82 

3.  009 

10 

0.77 

3.005 

28 

0.  83 

3.  005 

11 

1.06 

3.012 

27 

1.33 

3.009 

12 

1.  55 

3.  002 

28 

0.  GO 

3.008 

13 

3.67 

3.  304 

29 

0.34 

3.  004 

14 

1.25 

3.010 

30 

1.02 

3.013 

15 

0.77 

3.004 

31 

1.33 

3.  006 

IS 

0.76 

3.  007 

32 

1.37 

3.006 

Avg.  rms  Phase  Error  =  !.  06°;Avg.  Dispersion  =  3. 006  ps 

TABLE  n 


Fourier  Analysis  of  Phas  ?  Error  for  Network  No.  26 


Order  of 
Harmonic 

Phase  Error 
in  Degrees 

Paired- Echo 
-idelobe  Level 

i 

0.77 

-44  dB 

2 

0.55 

-47  dB 

3 

0.56 

-47  dB 

4 

0.  IS 

■■s'%  dB 

5 

0.15 

dE 

6 

0.24 

--4dB 

7 

0.12 

-60  dB 

t 

0. 09 

-63  dB 

Remaining 

<0.1 

< -61 dB 

TABLE  30 


Phase  Error  and  Dispersion  for  15.  ps,  17.  6  MHz  Network 


X5  ps 
Network 
No. 

RMS  Phase  'Jrror  in  Deg. 

Dispersion 
in  ps 

Initial 

Final 
(HazelEine 
Nov.  1967) 

Remeasured 

(Kwajalein 

Nov.  1968) 

1 

5.00 

1. 33 

0.  86 

14. 992 

2 

3.44 

0.  47* 

1.  42* 

14. 969 

3 

1. 83 

0.35 

1.39 

14. 996 

4 

2. 09 

0.75 

0.94 

14.  392 

5 

*.  86 

0.  89 

L  20 

15.  004 

C 

_ 

2. 08 

0.42* 

0.  93* 

14.  989 

*  Phase  Error  for  12.  0  MHz  Bandwidth 


Fig.  11 


Summary  tables  of  type  I  network  performance 
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(  e  )  RESIDUAL  PHASE  ERROR  OF  15  ps,  17,6  MHz  NETWORK 
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Fig.  2?.  Amplitude  ?.nd  phase  error  of  a  dispersive  network  having  a  BT  product  of  2S4 
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(b)  Compressed  Pulse,  200  nanoseconde/em 
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Sidelobes  shown  are  43  db  down 

Fi&  13  Oscilloscope  photographs  of  a  pulse  compression  system  having  a  bandwidth 

of  7  MHz  and  a  compression  ratio  of  210 
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(b)  MECHANICAL  ASSEMBLY 


Fig.  14  Exploded  view  of  mieiatere  tee  (type  II)  configuration 


Fig.  15  Photograph  showing  dispersive  delay  uni* 


23-21 

TABLE  1 


NETWORK  PARAMETERS 


r"* — - - 

HapammlAP 

NIottUAPlA  1 

Motwnrlr  9 

Nahu^ok  .1 

Number  of  Tecs 

26 

26 

26 

BT  Product 

26.4 

25.7 

20 

Bandwidth  in  MHz 

17.6 

60 

00 

Center  Frequency  in  MK.». 

17.6 

60 

120 

Dispersion  in  i-s  (Derign) 

1.50 

0.428 

0.333 

Dispersion  in  us  (Meusuied) 

1.50 

0. 427 

0.327 

Delay  Pedestal  in  us 

0  267 

0.075 

0.  13 

RMS  Phase  Error  (Design) 

0.03? 

0.2? 

0.3? 

RMS  Phase  Error  (Measured) 

0.96? 

2.1® 

2.7-> 

Equalized  Loss  in  dB 

7 

7.5 

11.5 

volume  in  Cu.  In. 

23 

23 

23 

TAB IE  If 

FOURIER  ANALYSIS  OF  MEASURED  PHASE  ERROR 


— 

Order  of 
Harmonic 

Network  1 

Network  2 

Network  3 

Phase 
Error 
in  Deg. 

Skielobe 
Level 
in  dS 

r - 

Psase 

E.rrc- 

:tn  Deg. 

Sidelobe 
Level 
in  dB 

Phase 
Error 
in  Deg. 

Sldelobe 
Level 
in  dB 

1 

0.41 

-49 

0.77 

-44 

1.04 

-41 

2 

0.42 

-49 

0.  15 

-58 

1.70 

-37 

3 

0. 35 

-50 

1.49 

-38 

1. 33 

-39 

4 

0.20 

-55 

0.93 

-42 

0.92 

-42 

5 

0.27 

-53 

0.06 

-66 

1.48 

-38 

6 

0.26 

-53 

0.21 

-55 

0.59 

-46 

7 

0.35 

-50 

0.  34 

-50 

0.83 

-43 

8 

9.08 

-63 

0.27 

-53 

0.47 

-48 

Fig.  16  Summary  tables  of  type  II  network  performance 
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( 6  i  IMPLEMENTATION’  Of  COUPLEO  ONE 


Fig.  17  All-pass  quarter-wave  coupled  line 
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Fig.  20  Broadside-coupled  stripline 


TABLE  I 

DESIGN  PARAMETERS  FOR  REPRESENTATIVE  DESIGNS 


Parameter 

Design  Number  j 

l 

2 

3 

BT  Product 

Number  of  Lines 

Center  Fi  .q,  ,n  GHz 
Bandwidth  in  GHz 
fractional  Bandwidth 
Dispersion  in  ns 

Delay  Pedestal  in  ns 
Coo-ding  Ratio  (p) 

10 

20 

1.0 

0.5 

0.5 

20 

6.1 

15.2 

10 

H 

1.5 

2.0 

0.066 

10 

3.5 

24.5 

- - - j 

15 

30 

1.0 

0.5 

0.5 

30 

12.1 

15.2 

lAOUfc U 


FOURIER  ANALYSIS  OF  PHASE  ERROR  FROM 
0, 75  GHz  TO  1. 25  GHz  FOR  DESIGN  NO,  1 


Order  of 
Harmonic 

Ktase  Error 
in  Deg. 

1 

0.034 

2 

0.033 

O' 

0.108 

! 

0.058 

s 

0.028 

Fig.  21 


Results  of  network  synthesis 
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THE  o  DIMENSION  IS  DETERMINED  BY  THE  QUArtfER-WAVE  LENGTH  OF  THE  LONGEST 
LINE  IN  THE  CASCADE. 

THE  12"  DIMENSION  IS  DETERMINED  3Y  THE  NUMBER  OF  LINES  IN  THE  CASCADE 
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Fig.  23  Volume  versus  dispersive  bandwidth 


CURVES  ARE  FOR  A  COMPRESSION  RATIO  Of  IOO(8T=IOO) 
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SCALES  OIFECTLY  WITH  COMPRESSION  RATIO. 
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Fig.  25  Q  versus  frequency  for  broadside  coupled  s.rinl.ne 


CORRELATION  DI 01 YALE 


par 


R.  Carre 


THOMSON- C.  S.  T 
92  -  Kalakoff 
France 


24-1 


CORBSUTIOS  DIGITALS 
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-  SOmAIRS 

Las  applications  de  la  correlation  sont  trie  noabreussa.  L’urc  das  plus  mportantes  ast  la 
detaction  daa  signauz  noyls  danu  la  bruit  ou  la  brouillag*  qua  1 *on  trouva  dans  las  oystiaee 
auivanta  : 

Radars,  Sonars,  transmissions  aodtae. 

Sans  catta  application  alia  doit  4tra  an  gAnArai  rAalisAa  an  temps  rial.  Las  progris  racanta 
das  circuits  logiques  at  das  isAaoires  IntAgrAes  (X.O.S)  permettent  da  realisar  catta  fono- 
tion  par  das  taohniques  digitales.  Css  tachniquas  sont  las  asulas  qui  permettent  d'obtanir 
una  vAritable  agilitA  du  code  da  Modulation  das  signaux  dais.  Catta  agilitA  sa  r Avila  trig 
atila  pour  effaotusr  dan  levAes  d’ambiguTtA  at  your  assuror  la  aAcuritA  das  transaxasicns. 
Las  correlations  digital as  qui  sont  aaployAas  actual lament  sont  basics  aur  las  rAsultate 
d*Atudo  da  Modulations  spAcialas  qui  eonduisant  k  das  traiteaents  fsoilas  (codas  binairas 
da  phase  par  exemple). 

L'Atude  qui  a  Att  rAalisAa  s'ast  fill a  cocoa  but  da  dAfinir  un  procAdA  applicable  A  toutas 
las  foraaa  da  Modulation  d»  frAqusnca  ou  da  phase.  Ce  procAdA  oonsiste  k  utilisar  una  rApli— 
qua  approximative  qua  l’on  obtiant  par  quantification  de  la  phase  da  la  loi  da  modulation. 
Lna  Haul  tat*  auivanta  ont  AtA  obtonus  > 

1*/  La  traitsment  ast  prasqu'aaasi  simple  qu'avao  las  cedes  binairas 
2®/  La  degradation  da  la  fonetion  da  correlation  ap port  An  par  oe  prooAdA  ast  faibla.  Ella 
paut  ttr*  facileaent  AvsluAa  on  fonetion  das  paradtres  du  eodage. 

L'Atude  cemportait  una  analyse  thAorique  at  das  ainulatioiu  numAriquss  d#  contrSle.  KUa  a 
AtA  rAalisAa  k  THOBOS-CS?  avec  la  collaboration  technique  at  financiiro  da  la  D.H.M.K 
(D.R.M.E  !  Direction  das  reeherchas  at  ooyans  d'essais  du  Ministers  das  Armies). 


2  -  PB1.SCIPK3  CEHERAUX 

2.1.  Oho ix  da  la  modulation  &  ljjniaiiiofl 

L*  procedA  s' ar.pl ique  &  tout*  modulation  k  amplitude  constants,  Avcnt  de  defluir  1«* 
param&tras  du  oodags,  il  tat  nfoessaire  da  ohoieir  la  loi  da  modulation  la  mieux  adapts  a 
au  problia.a  A  rAsoudre, 

Bi  radar  la  modulation  lmAaira  da  frAquenoe  eat  la  for.ia  la  plua  eaplnyAe.  Ella  ocrrea- 
pond  k  una  modulation  parc.bolique  da  la  phasa  en  fonotion  du  temps. 

En  Sonar  on  utilise  sent  la  m&ie  loi ,  soit  una  modulation  do  phasa  logarithmiquo. 

Cat  format  da  modulation  sont  an  gAnAral  prAfArAss  auz  codas  hinairas  da  phasa  an  raison 
de  i'exoailante  quality  da  l'impulsion  coaprimee  qu‘alias  peraattant  d'ebtanir  uAsa 
loraqu*  l'affat  Dopplar  d do ala  la  frAquanoe  daa  aignaux  return. 

2*2.  Approximation  do  la  fonotion  da  oodul&tion 

Daux  modes  pauvaat  ttra  utiiiaAe.  La  corral ateur  est  la  clot  dans  las  deux  oas* 

Mods  1 

La  fonotion  Amiss  n’aat  pas  modifies,  alia  aat  doac  idantic.ua  A  oalla  qua  l*on  utiliaa 
loraqu'on  vaut  rAaliaer  una  oorrAlatien  analogique.  Las  aignaux  sont  AohantillonnAs  at 
oodAa  aa  vtlaurt  cumAriques  A  la  rloeption.  Ils  sont  mis  an  sAmoira  aur  la  durAe  du 
aisnol  Amis  at  corrAlAs  avac  la  rApliqua  approximative.  Catte  rApliqua  eat  ohtanua  par 
una  quantification  an  valour*  disorltaa  do  la  loi  do  phase  da  la  modulation,  snivie 
d'un  Aokantillonnage  A  frAqucnce  Agala  A  cello  daa  aignaux  re$ue.  Un  arampla  aat  donnA 
A  la  figure  1 .  La  fonotion  oat  reprAsestAa  par  daa  multiples  de  211  . 

m 

*  :  Hombre  da  momenta  do  phase  do  la  quantification. 

En  gAnAral  u  sera  Ag&l  A  4  ou  A  8. 
jodo  2 

tn  remplace  A  1* Amission  la  loi  da  phass  original  a  par  la  loi  de  phase  quantifies,  la 
rApliqua  aat  identique  A  oalla  du  bo da  prAeAdsnt. 

2.3.  CorrAlata^j 

La  bloc  diagramae  aat  reprAseatA  figure  2. 

Los  aignaux  tranapoaAs  at  cmplifiAa  an  frAquanoa  intarmAdisiro  sont  sppliquAs  A  da.ac 
dAtscteura  aynohronaa  qui  rojoivant  daux  rAfAranoas  A  rAm  frAquanoa  d Aphasia*  antrs 
•lias  da  1t/2.  On  obtiant  daux  vidAca  hipolairae  qui  raprAsantant  la  loi  da  modulation 
daa  tignu»  dAeoasposAa  aur  daux  axes  perpandioul mires. 

Caa  daux  voiaa  sont  AehantilionnAas  ot  oodAas  en  amplitude  at  signs.  Las  Aohantillons 
suooassife  glissant  dsns  daux  rsgiatraa  A  transfart. 

Lm  oorrAlation  eonsiata  A  affaotuar  una  comas  slgAbriqua  das  aignaux  contanus  dans  las 
regiatres  A  ehaque  instant  d’Aohantillonnage  auivant  un  programma  dAfini  par  la  rApiiqus. 
La  mAthode  an  est  axposAa  oi-dassous. 
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2.4.  Principe  thloriga® 

A  chtqu*  inetont  d'eofcofitillonnags  1*  signal  reju  p«ut  ttr®  reprdsantd  par  un  vaotnur 
dont  les  projections  sont  lea  dcfcaiitillors  dse  dsux  voiss. 

Soit  z$  4  /XZ2  >XS  s . f!  £ohantillons  succsasiio  d*une  voi®  qui  a® 

trouv®nt  «n  aiaoire  ®t  soit  ^  ^  ^  ,  ijs  ^ . tjJKle®  S  ichantillons  ccrreoporidscts  d® 


1 'out?  vois. 


L*»  v®otcurs  oorr®epondant®  sont  : 

. 


Or.  a  alors  las  relation*  sulvantsa  : 


XSi  1  f3i  cos  *<■ 

Jjsi  *  fs.  iiR  * 

L»  rdpliqu*  da  signal  fois  p®ut  3trs  ausai  rspr3ssnt<®  par  un®  suit®  ds  vsetsurs  & 
aapliiud®  conaUut®  soit  t 

ie*  i®*  jfl»  je« 

c  g  e  . c 


La  rdpliqu®  approximative  quantifies  deviant  alors  s 

«***  ,  e^1  . ..  e^n 

C®tt*  rdpliqu*  quontifi#*  p®ut  ausai  ttr.  r®pr*  sente*  par  1®b  dsux  projections  da  sea 
vastaurs  soit  j 

Xei  ■*  ca*  ®*}i 
Jjci  -  sir>  8<?i 

I*  correlation  consis  t®  &  foraar  Is  v®c':*ur  resultant  Vo  suivant  j 

5  -Z  J>  .**  .  .  1  f  ci(*i'9li) 

IH  I5i  I,.  lii 


Sstta  operation  sat  r<p<t£®  i  cKaqat  instant  d*<ohantiilonnag».  L®  oorrAlatsur  oalcul* 
l#s  dwz  ooopesantss  da  vsetsur  Vg  ecit  t 


UN 

vz* 

z 

l>4 

L 

<* 4  (*;  -6<l0  i  Z 

izi 

UK 

*  L 

iti 

k 

sin  (f-  -^j)  s  Z 

lei 

On  ealoul*  final s«snt  1®  aodulw  d®  V„  q-'i  repr<**nt®  l'asplitud®  d®  l**chantillon  d® 
la  function  dt  correlation 
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‘»*jW5r^r>  ‘■'T’o-' 


Las  valaurn  8q  aont  aultiplas  da  2V  ,  xr  at  Ue  n'ont  qua  a  valaura  diffdrentes. 

C'aat  fcxnax  qua  four  a  »  4  laa  calcuia  da  X^attj^  aa  rdrtuiaant  k  das  aoaaaa  algibriqua* 
daa  dcbaniillons  r s  at  y  s  . 

Lea  valaura  da  xc  at  u£  pour  a  •  4  at  a  ■  8  aont  donn^e*  dans  la  tab’.atu  ci-daaaouu  s 
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2.5.  Organisation  daa  oaloula 

Un  azaapla  d’orgaaisatioa  oat  donni  &  la  figure  j  pour  a  »  4. 

Saul  la  oaloul  da  sat  reprdsea t<,  la  tarae  aa  oaloula  da  la  utca  fa?on. 

Toua  laa  taraaa  qui  re$oivent  la  «taa  coafficiant  aont  aoanda  anaaaibla.  L’aiguillaga 
aur  laa  lignaa  cotwunaa  ee  fait  au  aoyea  da  portas  oi—a.nddas  par  la  rdpliqu*. 

Laa  a  cob  *3  peuvtnt  Itra  digital aa  ou  analogiquae  euivant  laa  vitaasos  &  rdaliasr. 

2.6.  Stablisaaaant  da  la  r<plioua 

Laa  angles  8q  ?ont  d'abord  ddtervinis  au  aoyan  d'une  quantification  au  plus  pria  ooaaa 
il  a  iti  DOfitrd  &  la  figure  1.  La  fonction  quantifies  aat  anauita  dohantillonnda  avac 
un  intervalle  d'dchantillonnaga  /It  =  -1— 

zaf 

A  F  :  largaur  aoyenne  rtu  apaotra  tela. 

La  fonction  ainai  obtanua  aat  anauita  aodifida  au  •oyan  d'un  eritdra  da  transformation. 
Cetta  operation  a  pour  but  da  roapra  las  pdrloiioitda  qui  aa  produisant  dans  la  quanti¬ 
fication  au  plus  pris.  Caa  pdriodioitda  produiraiast  an  sffat  das  rdponseo  paraaitaa  an 
dehors  du  pio  principal. 


v 
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Pluaiaura  critfcres  ont  Atf  dtudide  au  oouro  da  I'itude,  la  plus  ainple  esl  ddcrit 
oi-dessous. 

2.6.1,  Crit&ro  da  transformation 

Ca  oritftre  ast  bas<  aur  le  pr’.noipe  auivant  : 

Sn  l'absencs  da  quantifioi tion  da  phase  1 'aeplitud*  du  veotvur  rdsultant  (/*  ast 
pretiqueoent  nul  an  dehors  du  plo  da  correlation,  11  set  la  aonia  da  vaCtaurs  <14- 
a*nta_;raB  da  ataa  aoduls  qui  rdalisent  un  contour  farad.  On  peut  d<Bontrer  qu’on 
a  un  pic  parasite  nlnloal  avec  la  fonctlon  quanttfKa  si  la  soana  elgjbnque  das 
arraurs  da  quantification  da  phase  set  nulla. 

{.'application  du  oritlre  as  ddduit  da  ca  principa.  On  effeotua  la  soon*  algdbriqua 
En  das  arraurs  da  quantification  &  partir  d'una  das  axtrteitds  da  la  rapliquo  soit  t 

E„  .  Z 

Ca  oalcul  ast  effected  pour  tous  lae  dchaatillona  da  la  rdplique.  Cheque  fois 
qua  l'on  obtiant I £n | >  -2-  on  eodifie  la  cod age  da  I'dchantillon  correspondent  da 
2H/m  evec  la  signs  oonvenable.  On  eaintiant  ainsi  le  some  elg<hriqte  Bn  antra 
dauz  borraa  tout  la  long  da  le  rdpliqu*  aoit  2 


-  JL.  <  E„  <  a 


■n 

nT 


Lea  ohangsasats  affactuis  aont  pan  noebraux  aaia  ils  auffiaant  k  roapra  lea  pdriodi- 
oitls. 


— ~ :  \  vvvrv-^-A:-;  v'VV~v7;-*XYr.'VVVJ-.  A."  .  ■  V7W 
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La  part®  Pc  uitroduito  par  la  quantification  but  la  pio  principal  ast  donnds  ci-dossous 
en  ddcibels  pour  las  deux  aodas  d' approximation  (voir  2.2) 


Pc  dB 

Nods  1 

Mods  2 

20  log  a_ 

B 

0 

La  puiaaancv  •*u  bruit  da  quantification  ast  naxixoia  *u  vo  is  mage  du  pic  principal  alia 
ddorott  anauite  linlairoaent  jusqu'h  I'oxtrdaitd  da  la  fonotion  da  correlation. 

La  rapport  Bp  antra  la  pic  principal  at  la  valour-  affioaoo  aarioala  du  bruit  da  quanti¬ 
fication  ast  donnda  oi-daaaoua  an  decibels  pour  las  daux  aodas  d" approximation  s 


.  1  "'  - - 

Rp  dB 

Node  1 

Hods  2 

a2 

*0  log  B  _■ _ 

1 

M 

D 

10  Iojc 

La  bruit  da  quantification  ast  3  dB  aupdriaur  an  aoda  2  qu'ea  aoda  1. 

Kota  ; 

Cas  valaura  na  coaprannant  pas  la  bruit  suppldaantairs  provanant  da  ^application  du 
critira  da  trsnaforaation.  Laa  ciaulationa  ont  aontrtf  qu'il  faut  coaptar  aur  una  degra¬ 
dation  da  Bp  do  2  dB  anviron. 

J.2.  Siaulation 

Las  rdsultats  sont  sansiblaaant  idantiquaa  qua  1’cts  utilisa  una  aodulation  parabdiqua 
ou  logarithaic.ua  da  phaaa. 

Afln  da  na  pea  oaohar  las  affats  da  ia  quantification,  la  correlation  a  ete  coaplktea 

par  una  ponderation  da  Heating  du  lar  oidra.  L'sffat  da  civil  pondiration  sat  da  rdduira 

laa  lobss  natura'a  da  la  fonotion  de  correlation.  Elio  oonaista  k  offootuor  la  soaaa 

do  troia  fonotions  do  correlation  d*cal4»a  antra  olios  da  3  s  JL.  aoit  « 

&F 
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A  eat  ur*  coefficient  qui  a  pour  valour  optiaale  0,44. 

Pour  simplifier  las  cslculs  on  a  pna  A  *  0.375  »  1  +  1 

4  ~tT 

L»  tablaau  cl-apris  donna  quelque#  risultsts  typiques  qui  out  614  obtenu*  avso  una 
modulation  parabollquc  «t  •  »  8. 

Deg  dicalegas  de  frequence  ont  4 ‘A  lniroduitt  antra  l**nissior.  at  la  reception  pour 
sisulsr  l'affat  Doppler. 

La  coefficient  e*  oxpriaa  la  rapport  antra  la  frequence  Doppler  at  la  apactro  AF 
du  signal. 

Pc  represents  la  parts  sur  la  pic  principal  par  rapport  k  una  correlation  sans  quan¬ 
tification  at  &  Dopplor  nul 

8'p  raprisante  la  rapport  antra  la  pic  principal  at  la  plus  £lev<  das  lobe?  secondai rat. 


3.2.1.  Codags  an  amplitude 

La  bruit  proven  ant  du  codage  an  amplitude  dtts  signaux  i-efus  a  doji  jt<  ab-'ndtmmeat 
trait*  dans  la  literature  technique.  On  a-eut  done  content*  da  verifier  par 
simulation  qua  ca  bruit  n’apportait  pas  d'autr*  d*greuatior.  qua  cslla  qua  privoie 
la  thdorie.  C'aat  ainsi  qu'avec  un  taux  da  dispersion  D  >  100,  on  a  bian  constat* 
qua  la  codage  pouvait  ao  fairs  k  J  bits  #t  signs  pour  cheque  voi#  x  st  y.  Las 
Bodifioation#  da  la  fonction  da  correlation  dtaiant  nigligeables. 


4  -  CONCLUSION 

Le  proo<d<  qui  consists  a  reaplacer  une  fonction  d*  aodulation  continue  per  une  fonction 
quantifide  an  phase  peraet  de  rdaliaer  la  fonotion  de  correlation  par  dee  aithodes  digi- 
tales.  On  peat  ainei  envmager  une  veritable  agilvtd  dee  codes  d’eniseicn  tout  en  center- 
van  t  dee  fonotions  d'aabiguttd  pitches  das  aodulatione  continues. 

La  amplification  du  traiteaent  apportde  par  oe  proeddd  est  d’autant  plus  iapo.’tante  qua 
is  tsus  de  ooeipreation  eat  grand. 


\jm  &\ 

I  1-1)  (H)  1 


SWITCHED  CAPACITOR  STORAGE  ARRAYS 
FOR  A.M.T.I.  AND  BANDWIDTH  COMPRESSION 

by 

D.  S.  Harri s 

Eli:ot,i  AutcwaUcn  Radar  .Systems  binited 
Borehanwoed..  Hertfordshire,  UK 


25' 


TC'SD  OAi’ACITOii  STORAGE  ARRAYS 
FOR  ■  ..1.T.I,  A! ID  aAND.iI’/r:-  COwR'dSSlCN 

D.  J.  Harris 

SLLTOTT-AUTOMAT IOK  liADAii  SY-ST-TAS  LIMITED 
Boreha!E«ood,  Hertfordshire,  U.K. 

A  Member  cf  •>.  H.C. -Marconi  Electronics  Limited 


S’J?J.iARY 


In  non-coherent  U.T. I.  systems,  fully  coherent  f. : .  systems  ar.d  clutter  locked  dtalc-Coho 
systems,  moving  targets  cause  anplitudi  sodulation  of  either  clutter  01  a  reference  signal  at  the 
detected  receiver  output.  This  anplit  e  modulation  is  usually  separated  from  the  clutter  either  by 
bandpass  filtering  or  by  subtraction  of  successive  returns  in  the  amolitude- time  plane. 

A  cosmcnly  used  neann  of  subtraction  of  successive  returns  is  by  t.-.e  use  of  an  ultrasonic  delay 
line.  This  method  however  necessitates  accurate  control  of  the  transmitted  pulse  spacing  to  maintain 
identity  with  the  store  delay  time.  One  of  the  main  sources  of  cancellation  error  is  usuelly  due  to 
tine  jitter  in  the  transmitter  firing  system. 

An  alternative  to  the  ultrasonic  delay  line  canceller  is  the  samrlsd  range  gate  canceller 
described  here.  In  this  system  two  sets  of  capacitors  are  used  in  place  of  the  conventional  delay  line. 
Each  outgoing  transmitter  pulse  is  used  to  start  a  precision  range  clock  ch  is  stopped  after  the 
maximum  range  delay  has  elapsed.  This  range  clock  operates  a  number  of  video  sampling  switches  to 
connect  each  sample  of  a  radar  signal  in  turn  to  a  different  capacitor  in  the  store.  On  successive 
returns,  the  storage  capacitors  are  reversed  relative  to  the  flow  of  video  current,  t.-tus  performing 
subtraction.  Being  asynchronous,  the  system  ha3  the  advantage  of  being  insensitive  to  puise-to-pulss 
jitter  and  i3  thus  directly  applicable  to  the  use  of  multiple  ..H.F.'s.  The  read-out  of  subtracted 
differences  can  be  performed  at  any  tine  after  the  delay  and  before  the  next  transmitted  pulse.  Each 
read-out  sequence  is  followed  by  an  erase  sequence  to  prepare  the  capacitance  store  for  the  next  period 
of  radar  returns. 

By  adding  rather  than  subtracting  successive  radar  returns,  and  reading  the  capacitance  store 
more  slowly  than  writing  into  it,  almost  identical  circuitry  will  perform  bandwidth  compression. 

1 .  InXilOKiOSIyK 

This  paper  describes  a  multiple  capacitor  storage  techn-que  that  can,  in  principle  be  used  either 
for  integration  (i.e.  Bandwidth  Compression  for  example,  putting  3  radar  picture  down  a  telephone  line), 
or  for  Moving  Targes  Indicator  by  the  subtraction  of  successive  radar  returns. 

The  moving  target  indicator  processor  described  here  uses  the  principle  of  cancellation  or 
subtraction  of  the  video  returns  from  successive  pulses  within  each  range  gate.  In  this  system  the 
total  radar  receive  time  of  63  microseconds,  corresponding  to  a  maximum  radar  range  of  5  nautical  miles, 
is  divided  up  into  630  range  cells,  each  100  nanoseconds  wide,  corresponding  to  range  elements  of 
15  metres  each.  Eo«'h  "range  cell",  or  "olot"  is  a  separate  signal  processing  system  in  wnich  subtraction 
of  successive  video  returns  takes  place,  nadur  targets  which  are  stationary  relative  to  the  radar,  return 
identical  video  signals  from  successive  trans-il  .ter  pulses  at  any  Denticular  range,  and  thus  the 
processor  gives  zero  output  after  subtraction  of  these  re  turns,  .-.ange  cells  containing  -r-.e  movement 
return  non-identical  signals  on  successive  pulsen,  and  yield  finite  difference  signcls. 

The  canceller  uses  a  capacitor  storage  system  to  £  .ore  the  radar  video  si-nals  prior  to  th~ 
subtraction,  one  capacitor  store  for  each  rar-e  cell  or  slot.  -aer.  capacitor  store  is  connected,  and 
.hen  disconnected,  to  too  returning  vi^eo  3i-nalo  in  so lueace  by  diode  switching  circuits,  controlled 
oy  a  clock. 

Three  main  oreration',l  so'jei-as  ire  carried  ou‘  bv  those  diodes:  the  feeding  of  returning 
viJeo  sir cals  into  the  slots  in  sentence,  called  the  "write"  cerioc;  tne  formation  of  tne  difference 
signals  resulting  from  successive  :vt  trr.s  a-'h  t-.eir  extraction,  c:ilies  the  "reac  period"?  and  the 
erasing  from  the  multiple  rat  e  slot  cured  tor  st-re  of  viii  1  siraa's  in  ra-'diness  for  the  next  radar 
ret.,m,  called  the  "erase"  r,"-iod. 

In  order  to  connect  the  AyO  capacitor  stores  ouic’  . y  vi  efficiently  to  toeir  respective  write, 
:eai  and  erase  circuits,  the  caotcitor  stores  are  arm' -eel  in  a  "matrix"  consisting  of  rows  and  cclunns, 
such  that  each  capacitor  store  is  only  activated  for  tr.e  reTJtreu  mod  when  both  i»<>  - —  _r.T  i,j 
column  ore  aa>.res3ed.  Two  cophri tors  are  used  in  each  ca  ve: tor  store  or  e  slot  to  enable  the  video 
signal  to  be  subtracted  from  .ho  previous  vi"c  j  signal,  f.  us,  er-'— _  new  signal  nrori.ices  s  ibtraction 
information,  as  opposed  to  every  new  --tir  cf  signals  in  a  sir  is  cap-.citor  storare  system. 

A  relatively  simple  re-arrangement  of  the  I ^,lc  described  above  allots  successive  radar  returns 
to  be  integrated  instead  qf  subtracted  and  th»;..  by  arran.ing  that  tne  ranging  sequence  be  performed 
more  slowly  than  the  writing  sequence,  bnr.j*id*n  compression  may  be  achieved. 

2.  OPERATIC®  OP  THE  BASIC  -bciGE  SLOT  DI  THE  I4.T.I.  MODE 

The  ten  "“range  slot"  refers  to  a  group  of  components  comprising  two  storage  capacitors  .md  a 
nunbew  fi  diode  switches,  in  whl-.h  the  annlitude  of  radar  signals,  conesronding  to  a  particular  range 
element,  is  temporarily  stored  until  the  next  interpulse  penoc.  The  amplitude  di.  forence  aerived  from 


nuccoooivc  returns  la  then  "read"  oat. 


The  ivn  ie  slots  are  nrmw«ii  fo;  ease  ef  addressing  in  ivws  tmu  columns  to  rom  a  matrix.  The 
circuit  of  the  baalo  range  slot  is  shown  in  Figure  25-1 (a),  while  Figure  25-1 (b)  shows  the  basic  range 
slot  connected  to  the  various  function  switches. 

Switches  SI  and  S3  are  the  column  eonnutation  switches  and  Switches  S4  and  35  are  the  row 
cementation  switches,  designated  Y  and  X  respectively  in  Figure  25-1  (b). 

Switches  SI  and  35,  and  S3  and  S4  work  together  to  direct  the  video  current  through  the  elot 
capacitors  in  opposite  directions. 

Switch  36  is  the  video  switch,  and  is  the  only  high  speed  switch  in  the  system,  operating  .'or 
100  nanoseconds  at  a  tine. 

Switch  37  i3  the  equivalent  to  the  video  switch  36,  and  operates  only  during  the  read  period. 

Switch  32  is  the  read-out/erase  switch. 

Switches  S8,  S9  and  S10  are  the  erase  switches,  ar.d  operate  with  Switches  SI  and  S3  to  complete 
the  erase  switch  ays  ten. 

Consider  now  the  operational  sequence  of  this  single  range  slot  during  cne  interpulse  period, 
and  nruune  that  the  previous  radar  return  video  oignals,  corresponding  to  this  range  slot,  of  amplitude 
(A)  has  been  stored  on  capacitor  C2.  Also  assume  that  the  charge  on  capacitor  Cl  due  to  previous 
signals  .nr  beer,  erased. 

’■*ri  to'1  Sequence 

In  order  to  convey  the  incoming  video  signttl,  of  amplitude  (B),  into  the  capscitors,  the  Y 
commutation  switch  SI,  the  X  commutation  switch  S5  and  the  video  switch  S6  are  all  closed  as  shown  in 
Figure  25-2(a).  The  video  signal!*  therefore  flow  via  31,  Til,  Cl,  02,  D7,  S5  and  S6,  producing  u  voltage 
(+3)  on  capacitor  01,  and  a  voltage  (A  -  B)  on  capacitor  C2. 

"Bead"  Sequence 

To  read  out  the  video  signal  (A  -  B)  from  capacitor  C2,  (See  Figure  25-2(b))  the  right-hand 
plate  of  the  capacitor  is  switched  to  a  constant  potential,  i.e.  +12  volts,  leas  the  voltage  drop 
across  S3  and  P7,  due  to  the  current  flowing  dorm  the  chain  33,  DB,  D7,  35,  R4  and  S7  to  earth.  The 
voltage  appearing  at  the  left  hand  plate  of  the  capacitor  is  then  lead  out  relative  to  the  voltage 
on  the  right  hand  plate,  via  DA  and  S2. 

“Erase1'  Sequence 

To  erase  the  video  signal  (A  -  B)  from  the  capacitor  C2,  both  plates  of  the  capacitor  axe  taken 
to  similar  potentials,  (See  Figure  25-2(c))  i.e.  the  right  hand  plate  is  connected  to  the  potential 
formed  by  the  current  flowing  frea  the  +12  volt  supply  through  S3,  D8,  D6,  k3  and  S“  to  earth,  while  the 
left  hand  plate  is  connected  to  the  potential  formed  by  +12  volts  across  52,  D4,  D5»  R2  and  S8.  The 
capacitor  cjy  be  loft  with  a  snail  error  voltage  due  to  the  difference  of  the  forward  voltage  drops 
across  the  diodea  DA  and  D6. 

The  next  (i.e.  third)  radar  return  signal  applied  to  this  range  slot,  of  amplitude  C,  say,  is 
switched  into  the  store  by  closing  switches  53  tad  S4,  as  shown  in  Figure  25-3 (a),  producing  a  voltage 
(c)  on  capaoltor  C2,  and  the  required  difference  signal  (B  -  C)  on  capacitor  Cl.  Tuts  difference  is 
read  via  S2  and  erased  by  closing  SI,  32,  S3  and  Sio  as  shown  in  Figures  25-3(b)  end  25-3 (c) 
respectively. 

The  erase  period  lasts  for  25  microseconds. 

This  description  completes  the  sequence,  and  the  processes  shown  above  for  signals  A,  B  and  Z 
and  are  repeated  over  and  over  again. 

3.  OPERATION  0?  THE  MATRIX  STORE  SYSTEM 

3.1.  Switching  and  Storing 

The  basic  range  slot  of  the  A.K.T.I.  Canceller  shown  in  Figure  25-1  is  connected  into  the  asetria 
store  in  such  a  way  that  it  can  be  addressed  by  the  row  and  column  switching  systems.  The  anodes  of 
the  diodes  III,  D4  and  DB  ar”  connected  to  a  column  switching  system,  while  the  cathodes  of  the  diodes 
D2  snd  37  ar».  connected  to  a  row  switching  oyrfcea.  The  resistor?  Hi,  R2  and  R3  arw  eonnecled  to  the 
throe  erase  lines  which  run  through  the  whole  matrix  store. 

The  matrix  store  is  both  physically  and  electrically  in  two  halves.  Physically  so  that,  for 
ease  of  construction  and  t.ccuaa,  it  opers  cut  like  a  booK,  and  electrically,  *o  es  to  allow  relatively 
slew  switching  techniques  to  be  used  for  the  Y  column  cosmutp.tioa  switches.  This  is  done  by  extvn ging 
that  when  o;.e  half  of  the  store  is  being  written  into  (or  read  out  of),  the  other  half  is  primed  at 
least  1  microsecond  early,  thus  allowing  plenty  of  time  to  change  over  colcanw. 

Tha  store  comprising  a  matrix  of  28  column?  and  24  rows  has  a  total  of  672  slots  of  which 
630  are  required  to  cover  5  n.o.  Each  column  has  its  own  connotation  and  read  out  switches.  The  rows, 
or  X  lines,  are  connected  to  the  X  consuiuticti  twitches  S4  and  35,  which  ore  An  turn  driven  from  the 
fast  video  switch  S6  during  the  write  period.  The  video  r  itches  56  are  driven  from  the  fast  two  phase 
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slock  waveforms  fh  and  02. 

In  order  to  write  video  signals  into  Slot  I  for  instance,  commutation  Owitches  SI  mid  S5  are 
closed.  When  the  video  switch  S6  closes  for  100  nanoseconds  (controlled  by  the  two  pliceo  clock  waveform 
01 ),  the  video  current  charges  up  the  capacitors  Cl  and  02.  To  write  video  signals  into  Slot  2,  Switch 
36  in  the  next  X  line  is  closed  for  100  nanoseconds.  The  timing  of  switch  S6  is  controlled  by  the  two 
phase  clock  waveform  02.  Waveform  01  controls  ail  tha  odd  numbered  f  lines,  while  waveform  02  controls 
all  the  even  numbered  lines.  The  selection  of  the  next  1.  line  is  controlled  by  a  shift  register 
con.aincd  within  the  X  drive  modules.  Thio  shift  register  selects  the  X  lines  in  sequence  (X  lines 
numbered  1  to  24)  and  then  back  to  X  line  number  1.  Thi3  proce'38  is  repeated  until  all  the  slots  in 
the  column  ha-e  been  written  into. 

To  ensure  that  tr.e  write  or  read  operation  is  a  continuous  process,  the  preceding  half  column 
is  "primed",  i.e.  snitched  on  by  Switch  SI,  a  half  column  early.  This  arrangement  ensures  that  the 
operational  sequonce  is  continuous  in  going,  say,  from  slot  24  in  column  1,  to  slot  25  at  the  top  of 
column  2.  Smoothness  in  switching  from  one  slot  to  the  next  is  essential  to  preserve  constant 
sensitivity  and  cancellation  with  range,  and  to  prevent  the  generation  of  repetitive  spurious  pulses 
when,  for  example,  switching  between  columns  takes  place. 

In  the  following  interpulsa  period,  the  commutation  waveforms  change  over.  Thus  the  video 
signals  can  be  written  into  the  capacitors  Cl  and  C2  in  the  opposite  direction,  i.e.  switches  SI  and  S5 
are  open,  and  switches  S3  ana  S4  are  closed.  Signal  subtractions  are  therefore  performed  as  outlined 
in  section  2  on  tho  basic  slot  operation. 

The  matrix  store  operatior  es  a  Bandwidth  Compressor  system  is  similar  to  taat  described  above 
for  the  A.K.T.I.  Canceller  system  and  operates  under  u  column  and  row  addressing  sequence  to  fill  the 
store  with  video  information.  However  as  the  range  slot  is  a  much  simpler  unit,  no  cosnutation  switches 
are  required,  and  thus  the  system  logic  is  far  les3  complex. 

3.2r  The  Complete  Matrix  System 

All  the  high  speed  waveforms  and  circuits  are  contained  within  the  matrix  store  so  that  the 
interconnection  leads  are  kept  short,  thus  helping  to  prevent  "crosstalk"  problems.  Apart  from  the 
storage  and  switching  circuits,  three  other  circuit  systems  are  also  required  within  the  matrix: 

(a)  The  Video  Drive  Circuits 

These  video  circuits  convert  the  radar  signals  applied  as  a  voltage  (in  50  -f-  )  into  a  current 
drive  for  the  capacitor  stores.  Compensation  circuits  are  also  included  to  ensure  that  the  video 
amplifier  working  point  is  stabilised  against  temperature  changes. 

(b)  The  Clock  Pulse  Generator 

The  row  or  X  drive  circuits  require  two  phase  clock  pulses  to  achieve  a  continuous  switching 
process  by  activating  switch  S6  in  the  matrix  addressing  systen.  The  waveforms  01  and  02  are  the  two 
phase  clock  pulse  waveforms.  This  generator  uses  a  ’primed’  oscillator  which  achieves  its  full 
oscillatory  amplitude  within  two  cr  three  cycles.  High  speed  switch  transistors  and  T.T.L.  integrated 
circuits  assist  in  the  generation  of  the  two  phase  clock  pulses. 

(c)  Modulus  Output  Circuit 

The  capacitors  in  the  individual  range  slots  are  arranged  in  pairs  sc  that  the  difference 
signals  formed  by  subtracting  successive  radar  returns  may  oe  erased  from  one  capacitor  after  read-cut, 
whilst  leaving  unaffected  the  most  recent  radar  return  on  tho  other  capacitor.  The  ’read-out’  point  is 
most  conveniently  taken  from  the  Junction  of  the  two  capacitors  and  the  voltage  3tored  on  either 
capacitor  is  read  out  by  connecting  a  reference  potential  to  its  other  plate. 

This  arrangement,  whilst  resulting  ir.  several  advantages,  such  as  simple  switching  circuits 
and  the  ability  to  obtain  good  cancellation  has  the  disadvantage  that  any  difference  signals  formed  by 
moving  targets  are  read  in  antiphase  on  alternate  read-out  periods.  These  antiphase  or  bipolar  signals 
are  converted  into  a  unipolar  output  by  suitable  amplifiers  and  dione  detectors, 

3y  their  very  nature,  the  switching  signals  used  to  drive  the  diodes  at  the  beginning  and  end  of 
trie  read  period  of  each  range  slot,  generate  spikes  which  are  comparable  r.tfc,  and  in  some  cases,  larger 
than  the  required  video  signals.  These  switching  spikes  must  be  prevented  from  being  displayed,  and 
this  is  achieved  by  using  a  "sample  and  nold"  circuit  based  on  a  balanced  diode  bridge  and  storage 
capacitor. 

By  means  of  ths  5  MHz  clock  driving  a  narrow  pulse  generator  to  open  the  bridge,  a  20  nanosecond 
slice  As  taken  from  the  centre  or  "quiet"  region  of  each  of  the  range  elements  during  the  read  period. 

in  addition  to  the  essentials  of  the  circuit  described  above,  a  number  of  amplifiers  and  enitter 
followers  are  used  for  buffering,  gain  adjustment  and  impedance  transformation,  as  for  example,  from 
the  high  impedance  sample  and  hold  circuit  to  the  ?Q  ohm  coaxial  output. 

The  overall  gain  of  the  system  foi  a  doppler  frequency  equal  tc  half  the  p.r.f.  (i.e.  the 
frequency  of  maximum  sensitivity)  is  cade  equal  to  unity. 

Figure  25-4  shows  in  the  upper  portion  of  the  photograph,  the  bipolar  signals  as  produced  at 
the  output  of  the  matrix.  This  is  a  photograph  taken  from  cm  experimental  43  slot  breadboard  canceller, 
and  shoes,  dua  to  lead  ineuctancec  and  slow  switches,  ths  row  end  column  switching  3pikes,  The  column 
switching  spikes  are  those  .larger  positive  spikes  clearly  visible. 
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.r.e  lower  wr'.iori  of  t:.e  photograph  aiowa  the  si/nnl  after  being  processed  by  the  noouluu  output 

i* .  rY»  s*.  r-'A  j»a  -cw  i «./  rtnv«>  4»\  i:ni nnt^ii.  nr»'l  *Vm  r>f»l  i_j_rn  rwI  toning  nnllfAB  nr#*  Anl  v 

!•-  the  ej.jp.eteJ  i.,rtler  scale  canceller,  CiO  slots,  theae  column  aclkeo  due  to  a  alow  apeed 
awi  ten  urs>  also  e!  i-ilnuteJ. 

•  lie  -.V, ...r.  Canceller  sys ten  as  doooribed  in  t!ua  paper  has  given  cancellation  ratios  of  between 

4C  -  ->o  <ij. 

J.i.  Subsidiary  Switching  -cquences 

.o  cac.olete  the  canceller  system  operation  many  other  circuits  md  waveforms  arc  needed  to 
.  reduce  t.-.e  correct  lining  of  the  various  operations,  and  to  ensure  that  he  "write",  "read"  and 
"eraae"  i roce3ses  occur  wi’h  me  correct  sequence  within  an  interpulae  per.od.  These  circuits  are 
..ei.erally  of  a  .much  slower  nature  tnan  those  used  within  the  high  anted  umtrix  store  system  and  are 
therefore  accorutoJated  on  conventional  double-sided  printed  circuit  boards. 

4.  TH2  PHYSICAL  DISKS'  COUJIDSRATIOSS 

Trie  physical  prop ; ems  of  designing  an  I.  Canceller  to  the  described  svsten  are  two  fold. 

Pirotly  there  was  a  need  to  package  all  it.%.  algr.  3oced  circuits  e\o3e  together  to  ac.ileve  3hort,  lew 
.nductjve  leads  and  icdnce  the  problems  of  croas-tiilk.  Secondly,  it  wa3  necessary  to  assemble 
a,  i  Tull. lately  1  . , SOC  conventional  miniature  components  into  a  convenient  package  suitable  for  airborne 
e-  i  scent  use. 

it  was  decided,  therefore,  in  the  experimental  ..odel  to  use  welded  wire  tecnnioue3  in  encapsulated 
’cordwood'  morales,  to  achieve  the  reliability  and  packing  density.  Indeed,  the  storage  or  slot  nodules 
contain  Ijo  components  at  a  packing  density  of  approximately  200  components  per  cubic  inch.  The 
te.*~i nations  to  tne  various  nodules  are  by  wrapped  wire  joint  to  copper  bus-bars  to  ensure  accessibility 
for  servicing  and  ease  of  removal. 

The  copper  bus-bars  stretch  in  both  directions  across  the  natrlx  store  to  provide  the  many 
connections  to  the  nodules  both  for  the  power  line3  and  the  high  speed  wavefom3.  These  bus-bars  are 
spaced  within  a  "mother  board"  and  achieve  reasonably  low  capacity  one  with  another. 

Conventional  printed  circuit  Je3ipr.  and  power  unit  complete  the  A.U.".I.  Canceller  equipment, 
the  whole  unit  is  contained  in  a  j  A.T.H.  long  size  weighing  approxinately  25  lbs.  and  consuming 
approximately  50  watts  of  power. 
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ABSTRACT 

A  hybrid  technique  is  presented  which  possesses  the  desirable  features  of  delay  precision 
inherent  in  digital  filters  and  dynamic  range  of  analogue  devices. 

Such  an  ideal  seems  to  be  offered  by  the  N-path  filter  technique,  and  the  "bucket -brigade" 
delay  line,  both  of  which  make  use  of  the  zero  order  hold  circuit  for  information  storage. 

To  demonstrate  the  potential  of  these  devices,  elementary  matched  filters  lave  been  imple¬ 
mented  at  bandpass  to  operate  on  signals  with  time -bandwidth  products  up  to  15. 

INTRODUCTION 

Literature  over  the  past  two  decades  has  disclosed  a  plethora  of  methods  by  vhich  matched 
filters  or  correlators  may  be  implemented.  For  the  needs  of  high  resolution  radar,  these  methods 
usually  involve  analogue  circuitry  most  often  in  the  form  of  dispersive  delay  lines. 

These  devices,  although  compact  and  relatively  economical,  are  useful  only  for  a  restricted 
class  of  signals;  those  of  the  frequency  modulated  variety  such  as  chirp,  logarithmic  F.  M.  and  cubic 
phase  law  frequency  modulation. 

Because  analogue  circuitry  is  involved,  practical  limitations  on  component  stability  and 
precision  determine  the  degree  of  realization  of  the  desire.!  dispersive  characteristic  and  therefore 
set  upper  bounds  on  the  complexity  of  signals  that  may  be  handled. 

To  a  lesser  extent,  other  analogue  realizations  have  employed  the  transversal  filter  or  tapped 
delay  line,  wherein,  through  the  sampling  theorem,  any  realizable  band-limited  impulse  response  can 
be  constructed  from  the  weighted  summation  of  equi -spaced  tap  outputs,  where  the  tap  spacing  is  the 
Nyquist  interval. 

Signal  complexity  for  this  device  is  easily  defined  in  terms  of  the  spacing  ana  number  of  taps 
contributing  to  the  overall  sum.  Thus,  if  the  delay  line  is  T  seconds  long  and  the  Nyquist  interval  or 

tap  spacing _ 1_  seconds,  where  W  is  the  low-pass  bandwidth  oi  an  elemental  sample  of  the  desired 

2W 

impulse  response,  then  the  time -bandwidth  product  of  the  overall  sum  or  impulse  response  is  2TW. 

Realization  of  the  flat  delay  characteristic  necessary  for  the  transversal  filter  is  equally 
difficult  as  with  the  realization  of  dispersive  delay  lines,  the  progressive  increase  of  waveform  dis¬ 
tortion  with  delay  setting  upper  limits  on  signal  time -bandwidth  products  at  less  than  1000. 

Since  the  problem  with  analogue  devices  lies  in  the  manner  in  which  delay  errors,  timing 
errors  and  distortion  accumulates,  it  would  seem  that  digital  methods  with  all  ti  e  benefits  of  precise 
timing  from  a  common  clock  should  offer  the  requisite  panacea. 

Such  techniques  fl^have  indeed  found  wide  use  at  much  lower  bandwidths  than  are  suitable 
for  radar.  In  addition,  the  environment  (sonar)  in  which  they  have  been  used,  is  such  as  to  give  rise 
to  relatively  low  losses  in  S/N  resulting  from  the  restricted  dynamic  range  of  binary  devices. 

For  the  radar  case,  however,  consideration  of  dense  target  environments  leads  .o  dynamic 
range  requirements  sometimes  in  excess  of  4C  db.  The  equivalent  digital  transversal  filler  for  this 
application  may  be  envisaged  to  consist  of  a  cascade  of  an  analogue  to  digital  converter  of  8  bit  capability 
(7  bits  plus  a  sign  bit)  followed  by  a  compound  line  of  8  shift  registers  in  parallel.  A  problem  arises 
in  the  weighting  or  multiplying  '.rcuitry  at  each  tap.  This  process  must  be  fast;  less  than  or  equal 

to _ !_  seconds.  For  radar  requirements  such  multiplying  speeds  are  not  feasible,  ard  even  if  they 
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were,  the  cost  of  such  a  device  for  a  high  number  of  taps  would  be  orohibitive. 

With  the  above  difficulties  in  both  the  analogue  and  the  digital  methods  in  evidence,  it  is  of 
interest  to  examine  a  hybrid  of  the  twe  techniques  for  possibly  superior  but  at  least,  more  economical 
realizations.  Ideally,  one  would  like  to  acquire  the  precision  of  delay  of  the  digital  technique  2"d  the 
dynamic  rnnge  of  the  analogue  methods. 

(i)  Hybvid  Techniques 

One  answer  to  the  multiplier  speec  limitation  of  fhe  digital  delay  line  is  that  given  in  f2j  and 
Figure  1.  Here  a  digital  to  analogue  conversion  ir  performed  a*  each  equivalent  tap  of  the  compound 
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delay  line  and  weighting  performed  in  the  analogue  manner.  Undoubtedly,  with  increasing  advances  ‘n 
large  s-ale  integration,  su_h  a  scheme  will  be  the  basis  of  future  processors,  however  at  present,  the 
need  for  such  a  multiplicity  c‘  converters  is  still  somewhat  costly,  in  addition  to  being  bulky. 

The  desirability  of  such  a  device  nevertheless  exists  tn  its  basic  universality.  Clearly,  a 
simple  change  of  clock  frequency  accommodates  a  range  of  signal  oandwidtha  limited  at  present  only 
by  the  rate  or.e  can  cor.ver.  from  analogue  to  digital  signals. 

As  an  alternative .  the  properties  of  capacitor  storage  in  aeto  and  first  order  hole  circuits 
offer  interesting  possibilities  for  implementing  processors  that  obviate  the  need  for  A/D  or  D/A 
converters. 

Although  by  r.o  means  a  new  idea  ‘his  method  of  information  storage  has  recently  oeen  made 
attractive  by  the  rapid  advanc  >s  that  hace  taken  place  in  MCS  FET  technology,  particularly  in  the 
developments  related  to  integrated  switching  arrays. 

A  well  known  scheme,  employing  a  first  order  hold  or  integrate  and  dump  circuit,  is  the  cross - 
correlator  of  Figure  2.  here  shown  in  an  elementary  lorm  adap.ed  tc  the  processing  of  a  Barker  code 
f.2rv/-3). 

Correlators  require  as  many  local  references,  in  the  form  of  replicas  of  the  transmitted 
waveform  when  matched  iiltermg  is  desired,  ao  there  are  independent  samples  making  up  the  waveform 
to  be  processed,  i.  e.  2TW,  Such  waveforms,  in  the  most  general  form  are  easily  produced  with  4T  V 
ier.gth  binary  transversal  filters,  these  being  shift  registers  with  analogue  weighting  at  the  laps. 

A  variation  of  the  correlator  of  Figure  2  is  the  "convolver"  [33  of  Figure  3,  .10  termed  because 
the  local  replicas  applied  as  shown  are  effectively  convolved  rather  than  correlated  with  the  incoming 
signal.  Of  course,  when  the  replicas  are  negative  t>me  copies  of  transmitted  waveform,  the  result  ia 
a  correlation  operation  identical  with  that  of  Figure  2.  The  operation  of  this  device  on  a  Barker  3  code 
is  also  depicted  in  Figure  3  and  is  self-explanatory. 

A  closer  approximation  to  the  transversal  filter  avoiding  thereby  the  need  for  local  reference 
generators,  is  the  "bucket -brigade'  [•},  5,  6,  7J  transversal  filter  shown  in  Figure  4. 

Here,  as  with  the  convoit  r  or  N-path  filter  of  Figure  3,  the  properties  of  the  zero-order 
hold  circuit  are  employed  to  effect  the  memory  function. 

It  is  with  the  "bucket -brigade"  and  N-oath  filter  realizations  that  this  paper  is  concerned, 
implementation  of  both  having  been  made  to  process  a  code  length  of  2TW=13  with  1  =  200  x  10”^  seconds. 

2W 

(ii)  "Bucket -brigade"  Storage  Principle 

Referring  again  to  Figure  4,  two  init  delay  elements  arc  depicted  wherein  all  even  numbered 
switches,  and  all  odd  numbered  switches  opt  rate  respectively  or  alternate  phases  of  the  clock.  Thus 
in  the  state  shown  f  ^  has  connected  to  the  input,  has  connected  to  receive  a  charge  proportional 

to  the  voltage  across  C2,  similarly  through  charges  to  some  voltage  proportional  to  the  voltage  on 

C  .  etc. 

4 

In  the  alternate  phase  of  the  clock  all  odd  numbered  switches  open  and  the  even  ones  close  and 
charges  to  a  voltage  proportional  to  that  across  Cj  and  so  on  in  this  manner  the  input  signal  is  trans¬ 
ferred  along  the  delay  line.  Ideally  the  amplifier-switch  combination  should  possess  a  gain  of  unity, 
infinite  input  impedance  and  zero  output  impedance. 

To  the  extent  that  such  an  ideal  is  obtainable,  or.e  should  be  able  to  construct  lossless  delay 
lines  of  arbitrary  length  possessing  the  properties  of  analogue  dynamic  range  and  a  digital  accuracy  of 
delay.  Also,  as  with  the  digital  devices,  simple  alteration  of  the  clock  frequencies  allows  filtering  to 
be  adapted  to  a  broad  range  of  signal  bandwidth®. 

Practically  such  ideals  are  component  limited,  restricting  the  allowable  range  of  clock 
frequencies  that  may  be  employed.  Achievable  performance  at  present  has  been  reported  to  be:  30  MKz 
for  a  hybrid  integrated  deviev  announced  in  [53  and  800  kHz  to  50  Hz  for  a  MOS  FET  integrated  circuit 
[b}.  Both  designs  give  upper  to  lower  sampling  frequency  ratios  of  about  1500:  1. 

From  Figure  4  it  will  be  recalled  that  two  capacitors  arc  required  to  supply  one  unit  =  _ 1_ 
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seconds  of  delay.  One  therefore  requires  4TW  storage  capacitors  for  a  signal  dimensionality  of  2TW. 

When  transversal  filtering  is  require*’.,  the  need  for  access  to  independent  taps  allows  no  simplifications, 
however  where  only  a  delaying  operation  :s  involved,  more  efiicient  use  of  the  capacitor  and  switch 
elements  is  possible  by  use  of  a  poly-phase  clock. 


In  effect,  what  ir  desired  is  that  each  capacitor  hold  or  store  a  given  sample  of  information 

for  an  int*rval  approaching _ 1_  seconds  as  opposed  to  the  _J_  seconds  the  sample  is  held  when  a  two 
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phase  clock  as  above  is  used. 
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adjacent  capacitors  can  be  made  to  take  place  at  an  interval  of  P-_f  x _ 1_  seconds  with  a  P  phase  clock. 

P  2W 

Hence  the  number  of  capacitors  required  for  a  delay  T  seconds  becomes  _ P  x  2WT. 

P-1 


It  will,  however,  be  noted  that  each  adjacent  capacitor  stores  an  overlap  of  information  over 

a  time  _ 1_  seconds  denying  easy  access  to  independent  samples  for  the  purpose  of  transversal  filtering, 
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that  is  except  ior  the  case  ?  =  2  where  jvery  other  capacitor  stores  an  independent  sample.  Also,  a 
difficulty  arises  in  the  reduced  sampling  time  occasioned  by  an  increase  in  P.  Nevertheless,  for  low 
frequency  applications,  a  useful  reduction  in  component  count  is  possible  with  this  alternative. 

(iii)  Basic  Circuitry 


Although  MOS  F£Ts  offer  the  greatest  promise  for  both  the  unity  gain  amplification  and 
switching  operations,  the  presently  attainable  speed,  magnitude  of  gate  leak  through,  and  for  that 
matter,  cost,  fall  somewhat  short  of  the  requirement  for  a  matched  filter  operating  at  a  clock  rate 
of  5  MHz. 


Instead,  the  particular  device  employed  was  the  four-transistor  b:  idge  of  Figure  0  [Y]-  This 
circuit  simultaneously  satisfies  the  requirement  for  fast  switching,  near  unity  voltage  gain,  hiyii  "off- 
state"  input  impedance  of  10^  to  10®  ohms  and  low  (about  5  ohms)  output  impedance. 

The  form  in  which  a  unit  delay  element  was  implemented  is  given  in  Figure  6.  With  the 
power  supply  voltages  indicated,  the  signal  dynamic  range  is  8  volts  peak  to  peak,  less  after  15 
cascaded  unit  delays  0.6  db  and  linearity  in  excess  of  70  db. 

The  N-patn  filter  implementation  given  in  Figure  7  is  self-explanatory.  An  interesting 
feature  of  this  circuit  is  the  economy  possible  when  a  restriction  is  made  to  use  with  binary  phase 
codes  only.  Here,  in  effect,  each  channel  is  comprised  of  only  one  4  transistor  integrated  array, 
the  remaining  circuitry  being  common  to  all  channels. 

(tv)  System  Considerations 

The  specific  problem  in  radar  ranging  is  that  of  estimation  of  a  signal,  known  except  for 
amplitude  and  time  of  occurrence.  When  the  interfering  noise  processes  are  white,  stationary,  and 
additive,  the  best  estimate  results  from  a  cross -correlation  between  received  signal  and  transmittc! 
waveform  Qlj- 

To  perform  3uch  an  operation  in  real  time  requires  as  many  delayed  replicas  of  the  trans¬ 
mitted  signal  as  there  are  resolvable  range  cells  within  the  duration  of  the  signal.  This  number  is  of 
course  the  time -bandwidth  product  2TW  of  the  signal  which  in  turn  specifies  either  the  number  of 
multipliers  in  the  correlator  or  the  number  of  taps  on  the  transversal  matched  filter. 

The  previous  discussion  has  dealt  only  with  correlators  at  low-pass.  Radar  returns  are  of 
course  at  band -pass  and  cross -correlation  would  additionally  require  a  precise  knowledge  of  received 
carrier  pease. 

Failing  such  knowledge,  as  is  genera../  the  case,  detection  theory  (8,  9]  requires  that  the 
envelope  of  the  cross -correlation  between  bandpass  replicas  of  the  transmitted  waveform  and  the 
received  waveform  be  determined  and  compared  with  some  specific  decision  criteria. 

As  an  illustration  of  the  required  processing  of  band -pass  signals  and  an  indication  of  the 
means  by  which  these  may  be  processed  at  low-pass,  the  following  development  is  useful: 

Let  the  transmitted  signal  be  represented  by  s(t)  where: 

s(t)  =  a(t)  cos  |c0ot  +  f(tj]  (!) 

This  is  a  general  bandpass  signal  modulated  in  amplitude  by  a(t)  and  in  phase  by  (t). 
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!n  analytic  signal  lurr.i  (!'  may  u<-  wr'tten 
•.It  >  R .•  z(t)  t- xp  ,  (t) 


^{t )  U.IO  -  .■  0.(1)  (3) 

z(t)  n  termed  the  pr- -envelope  of  the  real  signal  tl(t)  which  fromtl) 

a(t)  cos  C3ot  (4) 

A 

«.«*>  is  defined  as  the  Hilbert  transform  ot  the  real  signal  U.(t).  Tor  signals  for  which  the 
carrier  term  is  creater  than  the  low  pass  bandwidth  of  the  signal,  tC(t)  becomes: 

fi<t>  a(t  j  sin  <aJ 0t  (5) 

and  from  (3),  (3',  (4),  and  (5),  we  can  write 

s(t)  -  Re  aft)  exp.:£toot  *■  t#(t)J  (6) 

Upon  reception,  the  only  acquisition  for  which  the  receiver  does  not  have  a  locally  stored 
reference  is  an  unknown  phase  angle  A-  (noise,  loss  and  doppler  are  not  included  in  this  development). 
Thus  we  can,  without  loss  of  generality,  ignore  the  round  trip  time  delay  and  write  the  received  signal  as: 

y(t)  -  Se  a(t|  expj[o)0t  •  <f{t/-A*3  l7) 

Cross -correlating  (6)  and  (?)  gives:  N 


Ry,0> 


r 

-  r*T  /  a<1>)  exp  j[c <7(r>  */G  *  a(r  -t)  exp  j[c*>0(r-t)+  f  (r-t)|4T(8) 
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Equation  (8)  may  be  re-written  as: 


P-ys(t)  -  Rey(exp  j^)y0c(t)  =  Reyf.exp  j^.)  (exp  ju>ct)Jb(tJ  (9; 

where  y^s(t)  u  defined  as  the  auto -correlation  of  the  complex  transmitted  signal  a(t)  exp  j  (t«J0t  +  (p(t)J. 
is  the  auto-correlation  of  the  complex  low  pass  signal. 

The  desired  quantity  is  th«  envelope  of  the  cross -correlation  function  Ryg(t)  and  this  is  given 
as  the  absolute  value  of  ^0s(t)  (or  §  ,«»  M 

Thus 

Er.v.  v°ri]A<t)|  =  rj^';,j  {10: 

which  is  independent  of  carrier  phase  A-  and  carrier  frequency  COQ. 

In  a  bandpass  correlator  or  matched  filter,  this  result  is  simply  achieved  by  rectification 
or  detection  of  Rya(t).  However,  since  bandpass  correlators  require  a  delay  precision  related  to  the 

carrier  frequency  rather  than  the  iufo-mation  bandwidth  2W,  translation  is  often  made  to  a  carrier 
frequency  slightly  greater  than  the  low  pass  bandwidth  W,  or  to  zero  frequency  wherein  in-phase  and 
quadrature  channels  are  necessary  to  avoid  loss  of  information.  For  the  latter  system  the  indicated 
operations  may  be  illustrated  by  further  expansiu..  of  ^0g(t)  in  (10) 


Hence: 


-  2  {RsU)  q 


Where 


R,(t)  =  the  auto-correlation  of  the  real  signal  s(t) 


Rg(t)  i  Hilbert  transform  cf  Rt(t)  =  the  crovs -correlation  between  s(t)  and  §(t),  and 


Hnv.  R  (t) 

7  9 


'-  ftlM  r  £j(t) 
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not  only  with  s(t)  the  real  transmitted  signal  but  also  with 

s(t)  -  Im  a(t)  exp  j[o)  Qt  +  ^(t)}  (151 

to  yield  the  desired  envelope. 

Equivalently  the  same  result  obtains  if  s(t)  is  convolved  \  ith  s(T-t)  and*(T-t)  where  s(T-t) 
and  s(T -t)  are  the  respec.ive  in-phase  and  quadrature  matched  filter  impulse  responses. 

A  A 

Further  expanding  s(t)  and  s(t)  and  recalling  Rs(t)  =  Rsg(t)  gives  the  required  correlator 
configux  ation.  Thus: 

s(t)  =  a(t)  cos  (t)  cos  CO  Qt  -  a(t)  sin  <f  It)  sin  *>5  Qt  (14) 

and 

^(t)  •-  a(t)  sin  (t)  cos  <0Qt  +  a(t)  cos  (t)  sm  '0ot  (if) 

Figure  8  depicts  the  indicated  correlator  for  low-pass  processing.  In  Figure  9  is  shown  the 
in-phase  and  quadrature  processing  operation  of  a  matened  filter  on  a  simple  Golomb  polyphase  code. 

At  video,  this  code  is  defined  by  the  complex  waveform  l,j,l  where  the  commas  represent 
a  contiguous  series  of  rectangular  pulses  of  duration _ 1_  . 

2W 

The  auto -correlation  of  this  code  is  found  through  application  of  Bernfeld’s  algorithm  Qoj 
whtrein  the  above  sequence  is  simply  multiplied  by  its  reversed  time  conjugated  replica. 

Thus  1  ,  j  ,  1 

1  ,  j  .  1 
-j  .  1  -J 
*  .  i  .  * 

Auto -correlation  -  Sum  =  1  ,  0  ,  3  ,  0  ,  1 

In  Figure  9  the  input  signa  y(t)  at  bandpass  with  arbitrary  phase  shift  is  represented  as: 
y(t)  =  a(t)  cos  (COQt  +  A  )  +  a(t*A)  8>n  (ui0t  +  A  )  +  a(t~2A  )  cos  (ia>Qt  r  /V) 


where 


a(t;  =  rect  (t)  =  1,  -y  <  t  <  -y- 

As  will  be  3een  from  Figure  9,  the  indicated  oper-.tions  yield  the  desired  envelope  of  the 
auto -correlation  function. 

(v)  Experimental  Filter  and  Results 

Depictei  in  Figure  10  is  a  block  ditgram  of  a  bandpass  filter  utilizing  two  "def.tical  "bucket- 
brigade"  transversal  filte*  programmed  to  match  a  Barker  Is  code.  The  carrier  frequency  fe  is  30  MHs 
and  the  I.  F.  bandwidth  £.\'  -  5  MHz. 

It  will  also  be  noted  that  an  alternative  to  the  operations  of  squaring,  summing,  and  square - 
rooting,  has  been  employed  in  the  deriviation  of  the  envelope.  This  scheme  termed  ’double  translation" 
involves  re-modulation  of  the  in-phase  and  quadrature  output-  of  the  respective  delay  lines  on  to  in-phase 
and  quadrature  carriers.  Summation  of  the  outputs  of  thic  process  gives  a  signal  g(t)  where: 

g(t)  =  ,/l2  +  Q2  cosfcOot-  tan*l£] 

*  l_ 

This  signal  is  identical  tn  the  output  of  a  bandpass  matched  filter  at  carrier  frequency  r00 
and  the  envelope  is  correspondingly  obtained  through  detection. 

Oscilloscope  photographs  given  in  Figures  11,  12,  13.  14  ar.a  15  show  various  performance 
characteristics  of  the  device. 

In  particular.  Figure  (12)  indicates  the  output  from  the  in-phase  or  quadrature  filters  at 
low-pass  when  the  input  carrier  is  slightly  of'srt  from  the  filter  local  oscillator.  nn  offset  gives  a 
cyclically  varying  unknown  phase  angle  and  demonstrates  the  independence  of  phase  of  the  detected 
resultant  shown  in  the  upper  trace  of  Figu.e  (!2). 
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Amplitude  linearity  of  the  filter  is  demonstrated  in  Figure  13  and  14  which  are-two  views  of 
the  composite  response  surfa  e  or  ambiguity  function  of  this  particular  code.  Thta  surtacc  was  gener¬ 
ated  by  deviating  the  signal  source  carrier  frequency  by  ±  2.  5  MHz. 

As  a  further  illustration  of  the  "bucket  brigade"  delay  line  linearity,  a  binary  phase,  rr.ulti- 
ampl.tuae  Huffman  in. pulse  equivalent  code  was  matched  with  the  result  shown  ,n  Figure  (15>. 

Results  tor  the  N -paten  realization  are  virtually  identical  except  that  the  particular  form 
(Figure  ?),since  it  does  not  use  a  true  4  quadrant  multiplier,  cannol  be  programmed  for  a  Huffman 
code. 

( vi )  Effect  of  Sampling 


As  distinct  from  a  pure  analogue  transversal  filter  which  is  a  time  invariant  filter,  sampling 
dec  ices  such  as  correlators,  bucket  brigade'  lines  and  digital  filters  are  time-variant  filters  and  as 
such  suffer  an  average  processing  loss  when  noise  and  realizable  signals  are  considered, 

Because  of  the  sampling  operation,  it  is  necessary  to  band -limit  the  received  signal  plus 
noise  to  avoid  or  mintrn.ze  spectrum  folding  or  aliasing  of  the  noise  around  the  sampling  frequency, 
into  the  baseband. 

On  the  other  hand,  band-limiting  gives  rise  to  inter-symbol  interference  especially  for  a 
target  of.  unknown  position  relative  to  the  local  clock  or  sampling  epoch.  This  situation  is  depicted 
m  Figure  (16)  in  which  is  shown  two  possible  outputs  of  the  sampler  operating  on  a  band-limited  p-iise 
input. 


Thus,  one  may  expect  that  excessive  band-limit:ng  will  deteriorate  the  S/N  ratio  through 
production  of  inter-symbol  interference,  whereas  inadequate  band -limiting  increases  the  aliased  noise 
power  in  the  baseband  Q  1,  12]. 

Improper  sampling  epoch  as  depicted  in  Figure  (16)  gives  rise  to  a  " range -cusping  loss"  which 
varies  from  4.  5  -  5.  0  db  midway  between  samples  to  less  than  1  db,  dependent  on  the  band-limiting  filter 
employed,  at  the  optimum  sampling  epoch.  Q3J 

Average  loss  over  all  sampling  epochs  is  abc-.'t  2. -i  db  which  reduces  to  1.  2  db  if  the  I  and  Q 
filters  are  made  twice  as  long  and  the  sampling  rate  uou'jlfd.  Q3] 

( viil  Limitations 


The  sampling  speeds  presently  obtainable  with  sampling  oscilloscopes  indicate  few  limitations 
for  the  N -path  fitter  technique  in  this  area.  However,  replica  generation  and  four  quadrant  multiplier 

technique  at  the  present  state  of  the  art  would  appear  to  place  a  practical  upper  bound  on _ 1_  of  about 
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_q 

10  x  10  seconds. 

The  "bucket-brigade"  delay  line,  on  the  other  hand,  is  a  cascade  device  and  errors  therefore 
cumulative.  Such  errors  arc  comptised  large,,-  of  the  effects  of  distortion  in  the  switch-amplifier  cir¬ 
cuits  and  those  due  to  feed-through  because  of  the  unavoidable  capacitances  and  parasitic  reactances  of 
the  switches  and  circuit  layout. 

Of  the  two  problems,  distortion  accumulation  *b  the  lesser,  this  being  relatively  easily 
compensated  for  any  practical  length  of  filter  or  delay  line. 

Operation  at  high  speeds,  i.  e.  _ i_  small,  brings  up  a  significant  effect  from  feed-through 

2W 

capacitances,  this  becoming  of  :ver  increasing  proportion  in  relation  to  the  desired  signal  sample. 
Neutralization  at  appropriate  points,  along  the  delay  line  offers  some  control  of  this  effect.  Better 
devices,  forthcoming  should  also  improve  the  situation. 

At  present,  the  highest  speed  reported  is  30  MHz  or  _1_  =  33  x  10  ^  seconds  [V]. 

2  \V 

Recirculation  tests,  whereir.  trie  output  of  the  delay  line  is  fed  back  to  the  input,  on  the  circuit 
reaorted  upon  ;n  this  paper,  have  indicated  the  realizability  of  2TW  values  up  to  1000  with  little  difficulty. 

(viii)  Conclusion 


The  methods  indicated  in  this  paper  arc  capable  of  realizing  matched  filters  of  sufficient 
accuracy  at.d  speed  for  a  large  number  of  applications  in  the  radar  systems  of  to-day. 

The  attracitveness  of  such  techniques  is  further  enhanced  by  the  promise  offered  by  integrated 
circuit  technology  which  for  some  applications  shou?d  permit  realization  of  signal  prcce9rors  which  are 
more  economical  in  both  cost  and  bulk  than  cither  of  the  equivalent  analogue  or  digital  implementations. 
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?ig.  1  Hybrid  analog/digital  transversal  filter  featuring  digital  storage  aid  analog  processing 
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Fig.2  N-path  cross  correlator  configuration  for  a  Barker  3  code 
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Fig. 3  fl-paih  natched  filter  configuration  for  a  3arker  3  code 
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Figure  1! 

Uppe-  trace  :  Barker  13  code. 

Middle  tra.'e:  Impulse  response  of  bucKet-bri  ede  matcr.ea  f.lter  piogrammed  for  Earner  13  code. 
Lower  trace:  Ac.  t-o- cor  relation  cf  Barker  13  code 


Figure  12 

I.F.  Watered  filter 

Lower  trace:  Output  of  the  I  or  2  matcned  low-pass  filter  . r.  re 3for.se  tc  a  3a.rker  13  code 
modulated  on  a  slightly  offset  carrier  frequency. 

Upper  trace:  Envelope  of  auto-correlatior.  function. 
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Some  practical  aspects  of  an  experimental  digital  X.f.I.  canceller  are  described  with 
particular  aphasia  on  circuits  and  components  for  the  principal  functions  of  seep  ling,  analogue/ digital 
conversion,  tlie  digital  canceller  which  comprises  MOST  shift  register  storage  and  binary  subtraction, 
the  combining  of  in-phaa*  and  quadrature  channels  and,  finally,  the  digital/analoguo  conversion  to 
obtain  video  signals  for  F.P.I.  displays.  P.R,?.  flexibility,  off-the-shelf  integrated  circuits,  small, 
volume  and  loir  power  consuoption  are  some  of  the  advantages  in  digital  canceller  syatexn. 

The  experimental  system,  completed  at  A.S.7.2.  in  early  1963,  was  the  first  'cdel  to  be 
demonstrated  in  the  B.K.  Features  of  this  oodel  are:  12C  range  quanta,  choice  of  1,  2  or  U  microoeoond 
quantum  period,  S  bit  A.D.C.  and  tain  channel,  double  cancellation.  A  second  oodel  with  a  larger  store 
is  nearing  collation. 

1.  CrTRDDXXICX 

The  recent  availability  cf  very  long  MOST  shift  registers  and  the  expectation  of  very  low  coat 
per  storage  eleoent  on  3ach  registers  leads  to  the  consideration  of  digital  signal  storage  and  digital 
subtraction:  compared  vith  the  so  far  conventional  analogue  storage  in  quart*  delay  lines,  the  digital 
system  Sias  all  the  advantage*  of  stcroeiectsonie  systems  and  also  a  high  flexibility  .'or  P.R.?.  stagger. 

The  storage  of  inforoation  on  digital  storage  elements  requires  the  quantisation  of  radar 
signals  in  both  range  and  amplitude;  in  other  words,  signals  are  sampled  in  nach  successive  renge 
quantus  and  the  sarnie  amplitudes  are  then  converted  into  binary  number  fora  by  Beans  of  an  analogue  to 
digital  convener  (A.D.C.). 

Following  a  givsn  radar  tra/isaiaaion,  the  quantised  signals  as  they  cone  alcag  from  the  A.D.C. 
are  shifted  into  registers,  until  the  registers  are  completely  filled  up;  shifting  then  stops  until  the 
next  radar  transmission,  when  new  signal  oaaplas  era  shifted  into  the  register  inputs  while  at  the  Same 
tine  the  previously  stored  samples  at ill  out  at  the  other  end.  The  number  of  memory  cells  (bits)  in  a 
shift  register  thus  determine  the  nuiber  of  range  quanta  available  to  the  radar  systen  and  a  separate 
shift  register  is  needed  for  each  output  line  from  the  A.D.C.,  to  achieve  parallel  operation. 

As  a  practical  example,  a  canceller  designed  for  8-bit  numbers  and  500  range  quante  would 
require  8  shift  registers,  each  containing  500  bits. 

Fresh  numbers,  entering  the  registers,  are  subtracted  from  th^  old  raurbeve  leaving  the 
registers;  this  tskes  place  in  a  parallel  binary  subtracter  the  output  of  which  is  used  for  further 
cancellation,  data  processing  in  e  computer  or  for  digltal-to-snalogue  conversion  end  subsequent 
display  on  a  F.P.I. 

The  f  i  rst  A.S.W.B.  oodel  was  nade  to  tho  following  specification:- 

Hunber  of  range  quanta  -  120 

Range  quantum  -  choice  of  -  l/3,  1/6  or  1/12  n.o. 

Binary  number  -  8  bits 

P.R.?.  -  200-7,000  Hs  possible 

G&r collation  System  -  Two-channel,  double  canceller 

Tho  second  model  has  a  larger  store  so  as  to  provide  up  to  500  range  quanta  for  lone  range 

operation. 

2.  M.T.X.  CAKCSLLSIIOK 

The  basic  circuit  for  a  coherent  2.T.X.  canceller  is  shown  in  Fig.  27-1.  Bipolar  video 
signal*  free  a  phase  sensitive  detector  (P.S.B.)  are  fed  into  some  fora  of  storage  device  -  quart*  lino 
or  shift  register  -  and  a  subtraction  is  carried  cut  between  tbs  fresh  signals  entering  the  store  at 
'S’  and  tho  stored  signals  eaorging  at  -A' ,  from  the  previous  radii-  transmission.  The  Subtracter 
residue  ‘R’  ia  the  output  from  the  canceller.  Systen  tiring  is  arranged  such  that  at  any  given  dnstact 
the  two  signals  being  subtracted,  are  range-coincident  and  thus,  in  principle,  stationary  or  slowly 
moving  targets  will  be  cancelled.  The  P.S.D.  in  normal  use  given  an  output  A.cos  d#  where  A  is  the 
signal  amplitude  and  6/  is  the  phase  difference  between  signal  as-d  the  reference  carrier;  the  circuit 
is  therefore  truly  phase  sensitive  only  for  large,  Halting  signals.  Hon-lisdtiug,  i mailer,  clutter 
signals  will  bo  cancelled  to  a  degree  depending  on  their  pulse-to-pui.se  phase  and  amplitude  stability 
and  the  orount  of  corruption  due  to  receiver  noise. 
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The  transfer  fu.c*-.ion  of  the  single  M.T.1.  canceller  shown  in  Fig.  2?-’  has  tha  Tfoll  known  oonb 
filter  characteristic  witii  half  Sinusoidal  lobes.  For  better  rejection  of  clatter  velocity  spectra  and 
Of  vudi.v  instabilities,  th*  filter  rijcction  notches  are  broadened  by  the  use  of  2  or  3  cancellers  lit 
cascade  to  obtain  lobes  with  a  sin^  or  sin?  shape  respectively:  the  price  >sid  for  this  improved 
clutter  rejertior  ia  of  course  the  broadening  of  blind,  velocity  gaps  but  this  can  be  07ercora>  by 
appropriate  P  3.F,  stagghr  and  also  to  sons  oxtect  by  the  somewhat  ccnplicated.  usa  of  feedback  ia  tha 
cancellers,  to  wmipulate  the  shaping  of  the  filter  response. 

In  the  syeten  here  described  a  cascade  of  two  caacollers  is  used,  with  no  feedback. 

Another  consideration  in  al.T.I.  cancellers  is  the  loss  or  breaking  up  at  acting  target  echoes 
due  to  particular  pulse-to-pulse  phase  conditions  cf  the  signals  when  processed  by  the  cosinusoidal 
response  of  tha  P.D. S.:  this  ’Blind  Phase*  effect  car.  lead  to  som  enbarrassaent  in  automatic  detection 
system  and  ray  also  causa  ths  loss  of  weak  targets.  One  solution  which  any  be  attractive  with  low-cost 
storage  ia  ths  prevision  of  s  duplicate  cancellation  channel  to  deal  with  the  phase- Quadrature  signals 
fro*  a  second  P.S.D. ;  thus,  if  blind,  phase  conditions  should  occur  in  one  channel  then  a  maximum  uijprsl 
will  be  obtained  froi.  the  quadrature  channel.  The  final  decision  oust  be  raa.de  on  how  to  eotiblns  tha  two 
channel  outputs:  one  can  either  add  the  two  vectcnally,  or  select  whichever  is  the  larger  signal.  The 
latter  solution  is  nich  simpler  in  terms  of  nardwere  end  does  not  incur  any  appreciable  cignal/noise  loss 
relative  to  the  vector  addition  wathod*. 

3.  THE  DICTA!  CAEChl  RATIOS  STSTM 


A  block  diagram  of  major  f  notions  is  shoun  in  Fig.  27-2.  For  a  given  channel,  video  signals 
fro*  a  P.S.D,  era  sampled  in  a  sesrle/hold  circuit  and  are  then  converted  in  the  analogue  to  digital 
converter  (A.D.C.)  Into  an  &-blt  parallel  nether  for  each  successive  range  quantum.  The  A.D.C.  supplies 
thsse  numbers  to  ths  two  cascaded  cancellers  and  the  cancellation  residues  fro*  the  two  separate  channels 
(la-phase  and  quadrature)  are  then  combined.  Fro*  the  combining  unit,  in  which  negative  numbers  ere 
first  complemented  and  then  tha  larger  of  the  two  signals  is  chosen,  tne  output  is  reconverted,  to  video 
in  the  digital-to- analogue  converter  (DAC)  and  can  then  be  used  for  P.P.I.  display  or  auto-extraction. 

Soso  for*  of  interference  suppression  is  also  required  because  in  a  double  canceller  system  a 
single  pula*  of  interference  causes  a  group  of  three  adjacent  pulses  to  be  generated. 

Other  functions  shows  in  Kg,  27-2  cover  the  generation  of  suitable  clock  pulsar  for  the  saapls/ 
hold,  A.D.C.  and.  shift  registers  circuits. 

The  number  of  binary  digits  needed  to  express  the  signal  amplitudes  depends  os  the  amount  of 
clutter  cancellation  which  oust  be  achieved  to  suit  a  particular  radar  system.  X  fairly  good  rmdar/Sl.T.1. 
system  nay  be  capable  of  40  dB  clutter  reduction  and  thus  would  operate  with  signals  limited,  at  i.f ., 
to  40  dB  above  noise  so  that  clutter  residues  after  cancellation  would  then  be  equal  to  receiver  noise. 
Signal  quantisation  lave In  must  be  such  that  least  significant  digit  uncertainties  at  the  subtracter 
output  are  less  than  the  clutter  residue.  Assuming  the  uncertainty  to  be  *  J  a  least  significant  bit 
for  each  of  the  two  nuubers  subtracted,  the  worst  case  residue  would  be  ♦  7  bit.  The  choice  of  8-bit 
numbers  for  the  experimental  model  thus  gives  an  r,a,s.  canceller- gene  rated  noise  of  approx.  £  cospared 
with  a  maximum  signal  level  cf  128  (ths  256  amplitude  levels  cover  a  range  of  bipolar  signals  from 
maxim*  positive  to  rartmun  negative  i.e.  +128  to  -128).  This  ratio  is  equivalent  to  1*3  dB  and  ths 
canceller  should  therefore  be  capable  of  achieving  40  dB  clutter  reduction  with  a  suitable  radar  system. 
For  lower  performance  systems,  with  clutter  reduction  capabilities  of  say  28  to  30  dB,  the  binary  number 
need  not  cosprlse  any  more  than  6  bits. 

In  analogue  U.T.I.  cancellation  the  residual  uncertainties  are  due: 

(a)  to  the  noise  generated  in  the  delay  line  equalising  avplifiora,  and 

(b)  to  possible  *caling  errors  at  the  inputs  to  the  analogue  subtractor: 

in  practice,  analogue  systems  can  be  carefully  set  up  to  give  about  40  dB  c?  canceller  residues  but  the 
calibration  cf  all  circuits  require  periodic  checks  to  maintain  options  performance*  In  the  digital 
system  one  still  requires  some  setting  up  of  the  analogue  input  circuits,  i.e.  sanple/hold  and  A.D.C. 
but  these  circuits  incorporate  feedback  usd  temperature  compensation  to  minimise  routine  setting  up. 


A. 
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The  range  quantum  is  defined  by  the  clock  rate  in  the  X.T.X.  system.  Making  the  range  quantum 
equal  to  tne  radar  pulse  is  the  meet  economical  approach  as  far  as  storage  is  concerned,  but  the  price 
paid  is  performance  Is  seme  loss  in  range  resolution  and  some  loss  in  signal  amplitude  when  the  echo 
straddles  two  range  tjiente:  tha  latter  effect  is  offset  to  some  extent  due  to  optical  integration,  oa 
the  ?.?<,!.,  of  the  longer  area  of  the  paint.  Reducing  the  range  quantum,  on  the  ether  band,  does  improve 
definition  at  the  cost  of  increased  storage  and  of  increased  noise  corruption  due  to  the  larger  band¬ 
width  requirement. 

Is  the  A. S.'s. S.  eodex,  the  range  quanta*  equals  the  radar  pulse  duration,  and  the  sampling 
process  takes  the  form  c?  car  integration,  i.e,  the  signal  is  integrated  over  the  whole  range  quantum 
period  and  the  result  is  then  held,  for  A/ti  conversion,  during  the  next  quantum  period:  the  oircuit  ic 
reset  in  the  third  period.  Thus,  three  sanple/hold  circuits  operate  in  rotation  and  suitable  output 
gating  presents  the  succeesive  "Hold*  periods  to  the  A.D.O.  a  switching  schematic  is  shown  in  Kg. 27-3. 
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It  the  tiao  cl  the  initial  development  there  were  no  ooucerc  tally  f..rilable  A.D.Cs  in  the  U.K. 
which  eat  the  required  speed  of  operation  with  3-bit  outputs,  The  design  aim  for  the  A.D.C.  was  a  clock 
rate  of  1  MHz,  sod  a  circuit  capable  of  higher  spe.ids  with  minor  modifications  when  faster  Clift 
registers  became  available. 

Various  possible  designs  wore  looked  at  and  a  useful  ixper.leantol  circuit  was  found  in  sx> 
industrial  research  laboratory,  this  being  a  6-bit  A.D.C.  operating  at  12  KHz  clock  rate:  the  circuit 
produced  3  parallel  bite  from  a  7-level  comparator  bank  and  then  a  further  3  less  significant  bits  froa 
another  7-level  comparison.  The  early  digits  ere  delayed  ao  that  the  complete  number  is  available  at 
the  sane  tics. 

Since  an  8-bit  number  was  desirable,  and  no  wo  outside  A. S.'S. E.  was  prepared  to  develop  and 
manufacture  an  8-bit  design  at  short  notice,  it  wa»  decided  at  A.S.Ti.c.  to  modify  and  extend  the 
original  6-bit  circuit  so  that  e-bit  r.unbers  could  be  produced  at  clock  rates  of  up  to  2  KHz. 

In  the  A.S.W.F..  circuit,  two  15-level  comparator  banks  plus  the  decoding  logic  produce  A  bits 
each  -  see  Fig.  27-4. 

In  the  first  comparator  bask,  video  signals  from  the  carplo/hold  circuit  are  compared  with  Ip 
equally  spaced  voltage  levels  froa  a  reference  chain;  the  comparator  outputs  art  strobed  at  the  clock 
frequency  and  held  in  ’D*  type  registers  during  the  clock  pulse  intervals.  The  decoding  logic  then 
produces  a  4-bit  parallel  output  by  interpretation  of  the  number  of  reference  levels  exceedsd  by  the 
signal.  The  next  four  digits  i-epresent  the  1 6- level  inteipolotion  between  any  two  of  the  coarse  lovele 
in  the  first  comparator  bonk,  thus  a  total  of  256  levels  can  be  obtained.  The  interpolation  process  is 
carried  out  by  subtracting  froa  the  input  signal  a  voltage  proportional  to  the  number  of  reference 
levola.  exceeded  by  this  signal  in  the  first  comparator  bank;  this  difference  is  the  anoint  by  which 
the  signal  baa  exceeded  the  nearest  reference  level,  and  this  amount  mist  be  expressed  in  teres  of  i. 
finer  level  structure  (16  levels)  by  the  second  bank  of  15  comparators  and  itu  associated  registers 
and  logic. 

The  difference  circuit  shown  in  Pig.  27-4  is  an  integrated  circuit  differential  amplifier  with 
a  gain  of  16;  Its  output  is  therefore  of  a  magnitude  such  that  the  second  bank  of  corporators  and  its 
reference  levels  can  be  identical  to  the  first  bank. 

Measured  performance  of  the  A.D.C.  indicated  that  the  4-bit  parallel  converters  co'.ild  operate 
at  speod*  approaching  10  KBc.  The  critical  component  is  the  differential  amplifier  which  goes  into 
saturation  froa  the  onset  of  an  input  signal  step  until  the  appearance  of  the  level  summation  signal: 
the  amplifier  remains  saturated  for  an  additional  time  of  about  0.3 fu  and  then  slews  to  its  final 
correct  output  level  in  a  further  0.2,1*.  Using  this  type  of  amplifier,  the  mux? mum  A.D.C.  speed  is 
about  1  KHz.  For  faster  operation  another  type  of  difference  extraction  may  be  required,  or  the 
difference  amplifier  must  be  nott-saturati"  and  have  a  very  high  slewing  rate.  Development  of  such  an 
amplifier  is  now  in  hand  and  this  should  increase  the  A.D.C.  speed  to  between  2  end  3  KHz. 

6.  CAHCEUATIOK  CIRCUIT  (Pig.  27-3) 

The  two  basic  functions  in  a  canceller  are  (a)  storage  end  (b)  subtraction. 

6.1  Storage  is  provided  here  by  KOST  shift  registers;  the  dynamic  type  of  register  stores  data  on 
the  gate  capacitance  in  each  memory  cell  so  that  a  leakage  problem  exists  which  imposes  a  lowor  limit 
on  clock  rates,  i.e.  the  time  for  which  these  minute  capacitances  can  hold  their  charge. 

K.T.I.  canceller  storage  was  found  to  be  a  rather  unusual  application  for  MOST  shift  registers 
in  that  clocking  only  proceeds  while  data  inputs  are  shifted  along  end  until  all  the  register  cells 
have  been  filled  up  with  new  data:  clocking  then  stops  and  the  registers  must  be  capable  of  bolding  the 
data  until  clocking  resumes  after  the  next  radar  transmission. 

The  problem  ia  very  much  less  severe  nowadays  dus  tc  tho  availability,  on  the  market,  of  d.c. 
type  MOST  registers  with  ".00  and  oora  bits  par  circuit  and  with  nucleus  clock  rates  of  1  KHz  (and 
possibly  mors  in  some  cases).  These  circuits  are  effectively  dynamic  registers  but  each  memory  cell 
contains  an  additional  latching  circuit  which  comes  intc  play  at  low  clock  rates  or  when  clocking  stops. 

The  first  K.T.I.  model  used  a  particular  24-bit  dynamic  shift  register  which  at  the  time  of 
development  was  the  only  available  one  with  sufficiently  low  leakage:  no  useful  d.c.  types  were  then 
readily  available.  In  the  second  K.T.I.  model,  128-bit  d.c.  type  registers  are  used.  Each  shift 
register  in  the  first  experimental  model  consists  of  5  cascadel  24-bit  modules,  i.e.  120  rang©  quanta: 
thus  a  complete  canceller  with  8  shift  registers  contains  40  modules.  The  nusber  of  range  quanta  has 
beou  increased  in  the  second  model  by  using  100  or  128  bit  nodules  in  the  existing  sockets. 

The  economics  of  shift  register  storage  aepsnd  on  the  market  price  of  such  devices  and  at  the 
present  time  it  is  already  possible  to  got  atorog)  for  a  whole  K.T.I.  system  for  a  few  hundred  pounds 
sterling. 

For  very  short  pulse  systems  one  must,  however,  pay  a  higher  nrice:  pushing  the  present 
technique  may  achieve  operation  with  0.25,4:3  pulses  (4  KHz  clock  rate)  but  beyond  this  limit  one  would 
probably  have  tc  use  time  multiplexing  and  circuit  replication. 
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6.2  Subtraction  (A-A) 

8-bit  parallax  digital  subtraction  is  achieved  by  using  currently  available  fast  adders  and  tu* 
function  At  co=ple»“int  of  B,  thio  being  equivalent  to  A  -t  B  inverted  +1. 

Two  4-bit  parallel  adder  nodules  are  used  for  each  6-bit  adder  and  these  can  operate  up  to  a 
4  Kit  rate  in  the  subtractor  node.  The  inversion  of  B,  previous  to  addition,  is  carried  out  in  fast 
TIL  gates  and  the  addition  of  *1*  is  conveniently  aadc  by  holding  the  adder's  input  carzy  in  a 
permanent  *1'  stats. 

A  4-bit  subtractor  is  currently  under  sponsored  development  in  industry. 

6.3  Signal  Timing 

It  is  of  course  Boat  isportent  that  the  two  nuaibers  presented  to  the  subtractor  at  a  given  time 
fthould  result  fro*  successive  responses  of  the  same  range  quantum.  This  requirement  is  met  rs  sketched 
out  below:  consider  the  range  quants  to  be  rubbered  1  to  n  and  thus,  following  s  given  radar 
transmission,  the  consecutive  8-bit  signal  samples  are  shifted  into  the  n  stages  of  eigxt  registers 
until  the  whole  re,<let*r  bank  is  filled  up,  i.e.  nudber  1  and  nuaiber  n  quantum  signals  cure  stored 
respectively  in  the  nth  and  the  first  register  cells.  Poliowing  the  next  radar  tranced. ssiem,  new  data 
is  clocked  into  the  register  inputs  wkila,  at  the  sans  time,  the  old  data  is  clocked  out  from  the 
register  outputs:  thus  new  and  old  signals  from  range  quantum  1  appear  simultaneously,  then  signals 
from  quantum  2  vie.  up  to  n. 

6A  Intar-\u*a 

logic  levels  for  MOST  and  for  bipolar  circuits  are  generally  incompatible:  interface  circuits 
ure  therefor*  necessary  at  the  inputs  and  outputs  of  the  register  chains.  Multiple  input  interfacing 
is  available  in  SjC  modules  and  the  output  interface  only  requires  a  transistor  and  a  couple  of  diodes 
for  each  register  chain* 

Recent  work  on  MOST  technology  has  resulted  in  loner  gate  switching  levels  and  the  problem  of 
interfacing  may  be  solved  by  direct  MOST/bipolar  compatibility.  Such  low  level  registers  axa  used  in 
the  second  cenctllsr  model* 

6.5  Construction 

A  cnncellar  is  falricsted  on  a  single  plug-in  card  sad  cosy  rises  40  register  modules, 
interfacing  where  required,  clock  pulae  buffers,  subtraction  circuits  and  output  retiming  strobes*  The 
ejpsrimsntsl  card  has  a  copper  ground  plane  on  one  side  and  c.  grid  of  holes  suitable  for  insertion  of 
anchoring  pine* 

6.6  The  Complete  Ccnceller 

The  first  canceller,  in  a  cascaded  pair,  handles  &>bit  numbers  from  the  A.B.C.,  those  makers 
being  positive  only;  the  output  can  be  either  real  positive  or  a  complement  for  negative  makers,  the 
latter  being  associated  wxth  a  state  *1'  sign  bit. 

In  the  second  csncel_.tr  of  the  cascade  one  shift  register  chain  Is  assigned  to  the  sign  bit  and 
the  other  seven  are  available  for  the  binary  numbers:  thus  the  least  significant  bit  from  the  first 
cancellation  is  discarded. 

The  output  number  from  the  .second  canceller  is  normally  a  7-bit  nuaiber  but  an  extra  bit  is 
generated,  when  required  by  the  subtraction  of  two  large  numbers  cf  opposite  sign  (the  residua 
being  >  128). 

A  second  Identical  pair  of  cancellers  is  provided  for  the  quadrature  channel* 

7.  ccHBntQK  mas  (roj.27-6)  ajw  ootfut  circuits 

Outputs  from  tha  cancellation  circuits  consisting  of  noise,  clutter  residues  and  moving  target 
signals  appear  ae  8-bit  makers  which  are  either  positive  or  <  ospleaente,  if  negative:  a  separate  sign 
bit  indicates  the  polarity.  Two  pre.-eosee  need  to  be  carried  out  before  the  final  output  is  obtained  - 
firstly,  the  cospleaenting  of  negative  numbers  to  obtain  the  modulus,  and  then  the  combination  of  the 
modulus  signals  fros  the  in-phase  and  quadrature  channels  by  either  a  vector  addition  method  or  by 
selection  of  the  largest  signal  f _on  every  range  quantum:  the  latter  method  being  simpler  is  therefore 
used  in  the  experimental  model. 

The  modulus  is  obtained  from  a  complementing  circuit  together  with  gates  for  the  selection  of 
either  tbs  positive  number  or  the  cocplenent  of  the  negative  number  -  this  selection  being  determined 
by  the  state  of  the  sign  bit. 

Having  thus  produced  the  modulus  from  each  channel,  a  coop a  Ison  is  than  mads  of  tbs  two 
numbers  In  a  subtracter,  the  'carry5  output  of  which  indicates  which  of  the  two  numbers  is  tbs  greeter: 
the  output  selection  gates  ere  controlled  from  this  carry* 


The  final  result,  la  digital  foie,  could  be  used  in  &  digital  data  processing  systen;  the 
present  sin,  however,  is  to  obtain  analogue  video  aignals  far  display  on  a  P.P.T.  A  digital-to-sneiogue 
converter  (SAC)  is  provided,  followed  by  output  simplification,  derpiking  and  interference  blanking* 
Cating-ir.  of  th6  signala  from  the  radar's  conventions!  rsce.vsr  is  al30  pissiblo  beyond  the  K.T.X. 
range  coverage* 

8.  TRIA15 

Trials  up-to-date  have  consisted  in  visual  comparisons  or  two  P.P.ls  of  tho  digital  system  and  a 
quarts  line  analogue  double  canceller.  Clutter  reduction  of  up  to  40  dB  has  been  observed  with  a 
metric  radar* 

A  number  of  cine  films  have  been  token  frace-by-fraae  off  tho  P.P.I.  to  show  speeded  up 
movement;  both  metric  and  conti&etric  radars  were  used  for  this  type  of  presentation. 

Fig.  27-7  shows  a  metric  radar  display  without  and  with  M.7.I.  in  photographs  A  and  B 
respectively:  the  range  ring  is  at  20  nautical  nilos. 

9.  CtHSCli'SIOKS 

Some  basic  building  blocks  have  been  described  for  a  twin  channel,  double  cancellation,  digital 
M.T.I.  systen.  Testing  and  evaluation  of  circui.s  has  proved  the  design  of  individual  functions  and 
System  tests  have  shown  good  a  greener./.  of  the  digital  systen  with  the  best  available  analogue  system* 

Integrated  circuits  presently  available  make  it  possible  to  design  systems  with  clock  rates  up 
to  2  MHz,  and  those  speeds  may  he  doubled  very  soon.  Ho  practical  difficulties  exist  for  alerter 
systems  associated  with  normal  search  radars  operating  with  £  to  10 ^ua  pulses* 

Core  storage  has  tot  been  mentioned  so  far,  due  partly  to  non-familiarity  but  mainly  to  the 
belief  that  where  fully  random  access  storage  is  not  required,  the  MOST  shift  register  solution  has  the 
edge  on  speed,  power  dissipation,  bulk,  and  simplicity. 

Ho  further  work  on  X.T.l.  system  development  is  proposed  within  A.S.7.E.  Industry  is  by  now 
fully  aware  of  tho  potential  and  advantages  of  digital  systems  and  has  by  now  overtaken  the  woric  at 
A.S.T/.S.,  having  derived  some  benefit  from  our  early  developments  and  results. 

There  are  many  possible  valiants  of  our  basic  system,  some  of  which  may  well  be  incorporated, 
in  new  designs.  The  following  is  a  list  of  useful  variants 

(a)  Tima  sharing  of  registers  for  the  I  aad  <j  channels,  to  reduce  some  of  the  associated 
circuitry. 

(b)  Feedback  for  the  shaping  of  velocity  characteristics. 

(o)  liultipulse  cancellers  with  weighted  summation  of  do  lay  taps  in  place  of  individual 
subtraction  after  each  delay  -  this  arrangement  becomes  attractive  with  digital  systems  where 
progressive  time  errors,  due  to  incorrect  P.K.P.,  are  eliminated. 

(d)  Quantising  and  deify  of  ncn-X.T.I.  video  signala,  to  lino  up  with  J4.T.I.  video  (X.T.I* 
video  may  he  1  or  2  range  quanta  late  due  to  various  delays  in  the  digital  systen) . 

(e)  Signal  integration  for  additional  interference  rejection  and  clutter  reduction  -  this 
may  well  he  applied  to  quantised  non-M.T.I.  video  also. 


CriAKNCl.  2.  (q.) 


Fig.r  Combining  unit 


A  -  without  MTI 


B  -  with  UTI 


Fig. 7  Metric  radar  Pl’I  display 
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THE  PLESSHY  DIGITAL  M.T.I.  SYSTEM 


This  discussion  is  complementary  to  t.he  previous  paper,  in  that 
it  describes  the  development  of  e  production  digital  M.T.I,  System 
incorporating  several  of  the  features  noted  as  useful  in  paper  27. 


Introduction 

The  Plessey  Digital  M.T.I.  System  vas  designed  from  the  start  as 
part  of  an  air  traffic  control  radar  system,  the  A.H.5.  The  cabinet 
contains  the  coherent  receivers  and  digitiser,  the  canceller  frame, 
the  digivideo  (signal  processing)  frame  and  all  clock  and  timing 
circuits.  It  takes  in  i.f.  signals  and  lock  pulse  and  normal 
video  from  the  transmitter  receivers  ana  gives  out  video  to  the  displays. 
The  transmitter  is  triggered  from  the  M.T.  t.  rack  either  at  internally 
generated  p.r.f.  or  in  synchronism  with  an  external  lock  pulse.  The 
system  vas  completely  developed  in  one  year  starting  November  1968  and 
in  nov  in  production. 

Initial  Requirements 

The  features  considered  essential  to  satisfactory  system  performance  are: 

1.  Means  of  eliminating  phase  blindness. 

2.  Staggered  p.r.f.  giving  constant  sensitivity  over  a  vide  range 
of  speeds, 

3.  C.F.A.R.  circuits  after  cancellation  to  deal  with  uncaacelled 
residue,  say  frcm  heavy  rain. 

b.  Video  integration  effective  on  normal  radar  and  M.T.I. 

5.  Velocity  shaping  for  good  cancellation  vith  lov  pulscs/bearvidth. 

6,  A  comprehensive  built-in  test  system. 

Design  Decisions 

A  number  of  design  decisions  vere  required  early  in  the  project. 

These  vere:- 
3.1.  Storage  Media 

In  late  1968  MOS  stores  vere  cheaper  than  core  stores  for  2  ,uS 
and  faster  cycle  tines,  and  for  the  3ize  and  word  length  required. 
It  vas  apparent  that  M.O.S.  devices  would  develop  in  both  speed 
sad  cost  so  these  vere  chosen.  Events  have  oerlainly  shown  the 
decision  to  be  correct. 


The  present  system  is  designed  to  operate  down  to  1  uS  range  bir.s, 

2yUS  pulse  length.  - 

3 .2.  Velocity  Shaping 

The  choice  here  was  either  a  feedback  system  or  a  multi-pulse 

mnceller.  The  S.C.V.  vaa  to  exceed  27dB  with  8.75  pulses  per  = 

beairri dth.  Either  method  would  meet  the  specification,  the 
feedback  syaten  using  less  storage  than  the  multi-pulse. 

The  comparison  in  complexity  of  arichaeiic  tetveen  the  two. rut-hods 
1.*  marginal.  The  aain  trade-off  is  between  the  length  of  transient 
re:  ponse  and  the  cost  of  storage  for  a  given  cancellation  performance. 

Since  the  cost  of  stores  is  the  largest  iten  on  the  materials  bill, 
the  feedback  oysters  was  chosen. 

3.3.  liusber  of  bits 

The  number  of  bits  determines  the  ultimate  performance  of  the  . 

cancellation  circuits.  The  Plessey  system  has  8  bits  (7  bits  +  sign) 
corresponding  to  !»2dB  cancellation.  Thir.  gives  9dB  in  hand  on  an 

overall  cancellation  of  33dB  (2TdB  S.C.V. ).  ' 

If  ail  the  bit3  are  kept  after  subtrectior,  the  number  increases  by  | 

one  at  each  stage  of  cancellation  i-.e.  fren  8  bits  to  9  bits  to  10  bits.  __  ! 

In  practice,  the  most  significant  bit  ic  dropped  after  the  first,  I 

subtraction  and  the  least  significant  bit  is  dropped  after  the  second  ! 

stage.  This  makes  a  reasonable  compromise  between  loss  of  sensitivity  ; 

by  dropping  lower  bits  and  loss  of  dynamic  range  by  dropping  the  upper  j 

one3  and  allows  us  to  maintain  8-bit  precision  throughout  the  canceller.  : 

The  normal  radar  signals  are  digitised  in  b  bits,  end  the  M.T.I.  video 

reduced  to  h  bits  either  by  scaling  or  logarithmic  compression  ) 

in  the  later  stages  of  the  system.  | 

3.t.  Phase  Blindness  | 

The  syst  tm  uses  the  eccepted  technique  of  phase  and  quadrature  : 

coherent  detectors,.  The  outputs  of  these  are  handled  in  alternate  I 

nuige  bins  throughout  the  canceller  and  combined  at  the  end.  j 

3 

3.5.  Constant  False  Alarm  Circuits 

The  circuit  in  which  the  signals  are  averaged  over  a  group  of  range 
bins  and  the  average  subtracted  from  the  signal  at  the  centre  of  the 
group,  was  used.  It  is  convenient  to  implement  in  digital  fora. 

An  8  bit  to  h  tit  logarithmic  converter  wa3  developed  to  go  before 
the  C.F.A.R.  circuit,  so  tnat  the  signal  is  some  30dB  above  nci.se 
before  it  saturates. 

3.6.  Staggered  P.R.F. 

The  whole  canceller  works  on  a  staggered  clock  so  that  the  de-stagger 
delays  are  put  in  after  cancellation  using  bit  storage. 

Using  two  blocks  of  storage  in  the  ratio  2:1  there  are  k  possible 
pulse  positions  and  7  different  periods.  Computer  programmes  were 
run  for  Various  permutations  of  pulses,  looking  at  the  velocity 
response,  the  effect,  on  cancellation  and  disturbance  of  t.he  transmitter. 


3.6.  Staggered  P.R.F.  (ecntd) 

The  chosen  pattern  is  wired  in  as  a  fixed  program  in  thr 
D.M.T.I.  rack.  The  overall  result  gives  uni  fores  sensitivity 
from  a  hundred  knots  or  so  up  to  Mach  2. 


3.7.  Video  Integrator 

The  system  includes  a  digital  accumulator  as  a  two-threshold 
video  integrator,  Plessey  designed  a  hybrid  system  working  on 
this  principle  some  years  ago;  it  is  a  simple  and  effective 
method. 

Development  Program 

The  design  process  followed  very  smoothly  from  the  initial  design 
decisions.  The  decision  was  made  to  standardise  on  an  existing  format 
of  p.e.  board  and  hardware.  The  board  design  was  ratir-s-  sed  so  that, 
for  instance,  all  store  boards  are  the  same  whether  u>  »  .  canceller, 
de-stagger  or  integrator. 

The  main  changes  which  have  been’  made  in  the  course  of  development 
are  to  include  a  P.B.F.  discriminator,  to  prevent  strong  local 
interference  punching  through  to  the  display,  and  an  antilog  converter 
to  improve  the  video  contrast  after  the  C.F.A.‘l.  circuits. 

It  was  round  possible  to  go  directly  free  the  log; :  diagram  to  production 
circuit  board  layout  Using  T.T.L.  logic  with  a  high  probability  of 
first-time  success. 

.Prototype  Testing 

The  boards  were  brought  together  for  the  first  time  in  an  experimental 
rack  containing  a  word  generator,  a  tost  hi ghvay,  and  a  D/A  converter 
for  monitoring. 

Eoaros  were -plugged  in  one  by  one  and  the  logic  functions  tested  as  the 
whole  system  gradually  built  up. 

During  this  stage  any  wiring  er-ors  and  damaged  semi-conductors,  were 
located  and  dealt  with.  ; 

Some  logic  errors  also  appeared  during  system  test  that  were  not  seen  at 
the  unit  test  stage. 

Experience  during  the  prototype  testing  helped  with  the  design  of  the 
built-in  test  system  -  details  of  this  were  not  made  final  until  after 
the  prototype  was  working. 

The  main  development  problems  were  with  the  analog/digital  converter. 

The  amplifier  linking  the  two  stages  of  the  converter  is  subject  to 
overload  and  hence  paralysis  -  it  is  not  easy  to  meet  the  slewing  rate 
specification.  These  problems  were  solved  and  we  now  have  an  8-bit 
conversion  in  650  nS.  Some  care  has  been  taken,  with  screening  around 
the  A/D  converter.  This  unit  is  in  the  same  frame  as  the  coherent 
receiver  to  avoid  trouble  from  earth  currents.  The  output  from  the 
converter  is  at  a  balanced1 logic  interface  which  gives  enough  noise 
iasunity.  The  prototype  D.M.T.I,  works  quite  happily  a  few  feet  from 
the  transmitter,  without  any  covers  on  the  rack. 


6.  3uilt-in  Test  System 

There  is  automatic  cn-lirse  testing  of  all  the  storage  and  arithmetic 
functions  of  the  canceller  using  test  words  normally  gated  fron  the 
input  video.  Triangular  test  signals  of  /.-ither  fixed  or  alternating 
polarity,  are  available  for  use  during  fault  finding. 

Lamps  indicate  errors;  repeated  errors  cause  alarm.  The  pattern 
of  lamps  which  light  identify  the  foulty  card  which  is  then  replaced. 

An  8-bit  D/A  converter  allows  an  oscilloscope  to  be  used  to  examine 
all  the  test  points  throegn  the  system  for  a  conventional  trouble¬ 
shooting  procedure. 

7.  Preformance 

The  systems  shov-3  a  regular  29aB  sub-clutter  visibility  in  the  field 
with  8.75  pulses, 'bedEvidth,  and  gives  a  particularly  clean  and 
attractive  display,  as  the  slides  will  show. 

3*  Suture  Development 

Ple3s-y  have  designed  f-  flexible  set  of  units  which  are  to  be  appliedmore 
widely.  The  first  development  is  to  increase  the  speed  so  as  to 
operate  with  a  1  pS  pulse  length. 

Improved  methods  of  digitising  radar  signals  and  cf  gating  normal 
radar  and  rs.t.i.  ouputs  will  be  sought. 

Sew  M.O.S.  stores  will  shortly  be  available  which  interface  directly 
with  T.x.L.  This  will  simplify  the  store  boards  and  give  a  useful 
iaprovement  in  prope Ration  time,'  a*  ye  will  eliminate  the  interface 
logic. 

9.  Conclusion 

A  system  has  been  described  vhich.  althoughwell  within  the  state  of  the 
art,  has  been  consolidated  with  ail  the  engineering  features  which 
make  it  a  thoroughly  practical  piece  of  equipment.  It  is  seen  as  the 
first  of  a  luxily  cf  digital  signal  processing  systems  from  Plea  gey. 


Pig. 2  Signal  flow,  feedback  canceller 


Pig. 5  Staggered  PRF  selection 
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MET110DK  UK  TilAITK .EOT  DIGITAL  DE  lilGNAUX  KOtJORILEE  EN  PRESENCE  DE  CLUTTER 

Henri  G.P.  PURKoTIKk  et  Michel  CAUDHON 
THOMSON  -  CSF 
92  Rngneux,  Prance. 


SOHnAIitE 

On  se  propose  de  ddcrire  une  mdthode  possible  de  trelte-.ient  digital  dea  aignaux  radars  en  presence  de 
clutter  et  destind,  en  particulier,  a  Sexploitation  monopulse  d'un  radar  pour  lequel  le  niveau  de  clutter 
peut  Atre  tros  dlffdrent  dans  deux  lobes  ad.iacents  d'un  mfi-’te  adrien. 

Dana  co  traiteraant  digital,  le  signal  de  chaque  c/mal  du  monopulse  est  codd  : 

1°)  en  amplitude  dans  le  rdcepteur  HP  uvec  une  grande  dynamique  en  utilisant  une  reprdsentation  en 
virgule  flottante. 

2°)  en  phase  de  fagon  analogue  au  prooddd  de  H  T  1  dit  ii  "codage  de  phase"  et  ceci  sur  360°  de  phase, 

E' dliminatlon  des  dchos  fixes  et  du  clutter  se  fait  pur  rdsolution  de  triangles  dont.  on  montre  l'ana- 
logie  avec  le  M  T  I  lindaire  A  simple  et  double  annulation. 

Le  signal  de  chaque  canal  de  monopulae  ainsl  trnitd  est  finalement  util lad  pour  calculer  numdriqueraent 
la  direction  angulaire  de  la  cible  pour  en  tirer  aoit  l'ultitude  pour  un  radar  de  veille,  solt  la  valeur  dea 
erreurs  pour  un  radar  de  poursulte. 

Cette  mdthode  a  dte  appliqude  A  l'aide  d'un  petit  calculnteur  pour  dea  mesurea  d'altitude  aur  elble 
ddaignde  (  elle  pourrait  dgalement  8 tre  utiliade  sur  radars  de  poursulte  en  permettant  une  digitalisation 
toujours  plus  poussde  du  traitement  du  signal  radar. 

1  .  INTRODUCTION, 

La  technique  monopulae  repose  eur  la  meaure  simultande  ct  la  comparaison  des  dnergies  regues  par  deux 
dlagrammea  de  rayonnement  distincts  d'un  mftme  adrien.  En  prdsence  d'une  cible  ponctuelle  cette  comparaison 
permet  d'en  tirer  une  meaure  angulaire  relative  et  d'effectuer  une  Interpolation  entre  lea  directions  des 
maxima  dea  diagrammes  de  rayonnement.  II  en  rdsulte  deux  applications  principales  de  li  technique  monopulae  i 

-  la  mesure  d'altimdtrie  pour  lea  radars  de  surveillance  tridimenaionr.slB  et 

-  1 ' dcartomdtrle  angulaire  pour  los  radars  de  poursulte. 

En  prdsence  de  cibles  multiples  situdes  A  une  mSme  distance  tel  que  celu  exists  dans  le  cas  d'un  dcho 
utile  noyd  dans  le  clutter  il  eat  bien  connu  quo  le  niveau  de  clutter  regu  peut  Stre  tr&a  dlffdrent  entre  deux 
lobes  adjacents  d'un  mdrae  adrien  et  la  separation  du  signal  utile  et  du  clutter  done  chaque  canal  du  monopulae 
peut  rendre  difficile  la  meaure  prdciae  des  dnergiee  de  signal  utile  et  mfime  rendro  pou  fiablo  la  comparaison 
de  cea  dnergies  si  le  traitement  n'a  pas  dtd  efieetud  ds  la  mdme  fagon  dans  chaque  canal. 

Pour  assurer  l'identitd  du  traitement  dons  chaque  canal  monopulae,  lea  mdthodes  digitales  nont  particu— 
lifcrement  tentantea  du  fait  que,  procddont  par  calcule  nundriquee,  l'identitd  dea  transferts  dans  deux  oanaux 
dlffdrent8  peut  a'obtenir  aisdment  avec  une  certains  rigueur, 

Comme  pour  tout  traitement  de  signal  radar  visant  A  1 'dliminatlon  des  dchos  fixsa  et  du  clutter  on  est 
amend  A  fairs  une  exploitation  cohdrente  du  signal  regu  tenant  eompte  de  la  etationaritd  carnetdristique  de  la 
phase  du  signal  regu  par  rapport  au  signal  drais  propre  aux  dchos  fixes  et  au  clutter  par .opposition  A  une  phase 
dvolutive  pour  dea  aignaux  d'dchos  mobiles. 

Nous  nous  proposonn  de  ddorlre  une  mdthode  posolble  de  traitement  digital  dea  slgnaux  radar  en  prdaance 
de  clutter  et  destlnds  A  1' exploitation  monopulae.  Cette  mdthods  basde  eur  la  reprdsentc-cion  veotorielle  de 
Fresnel  des  dnergies  rogues  effectue  l'dlimination  des  dchos  fixes  et  du  clutter  en  rdsolvant  dea  relations 
vectorlelles  A  l'aide  de  la  trigonomdtrie .  Commenode  d'Atre  dtudide  en  F'UNCE  A  In  THOMSON  -  PSP  cette  mdthode 
ee  ddveloppe  actuellement  aelon  deux  directions  correspondent  aux  a but  principales  qpp? Icatione  de  la  Technique 
Monopulse. 

2.  PRINCIPE  DE  LA  MET110DE 

La  mdthode  dtant  baade  aur  la  reprdaentation  vectorielle  de  FRESNEL  d'un  signal  ;omplexe  compoed  d'un 
signal  utile  dfl  h  une  cible  mobile  en  prdsence  de  clutter  e'xarainons  plus  en  ddtail  cette  reprdsentation. 
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2.1.  kEPRKSECTATIQN  DE  FRESNEL  D'U>!  SIGNAL  .XHPL2XE  (Fig.1.) 

Conaiddrona  un  aigrml  cocplex#  compos i  d’un  signal  utile  du  a  uno  cible  mobile  sccoapagni  d'un  signal 
parasite  du  k  un  dcoo  fixe  aitud  a  la  a See  distance  qua  la  cible  mobile  et  illumind  siaultacenent  it  la  cible 
mobile . 

Par  rapport  a  tine  rdfdrcnr.e  de  phase  constitudo  par  le  COHO  hF  du  rdeepteur  le  signal  re?u  sera  reprdeentd 
par  un  veoteur  sosse  de  deux  veoteura  coopoaants 

Un  pi paler  vecteor  OF  d'asplitude  t  et  de  phAMi  Op  represents  lo  signal  parasite  auquel  viont  s' ej outer 
le  veoteur  f>.  d' amplitude  s  et  de  phase  0^  reprdeentaat  le  signal  utile.  Par  definition  Op  sat  constant  taedis 
oua  Oh  tourne  A  la  vitesse  angulaire  Vj  e  2  ,i  F<j  (r’d  dtact  la  frequence  Doppler  assocld  a  la  cible  mobile). 

Conslddrons  saintenant  deux  recurrences  radar  successive^. 

A  la  preailtre  x-deurrence  on  a  : 

-  un  veoteur  OF  fixe  de  phase  Op 

-  un  veoteur  Fty  de  phase  Oni 

-  le  veoteur  resultant  OH]  reprdsautani  le  signal  reju,  de  phase  ft  et  d' amplitude  rt 

A  Is  recurrence  suivante  en  a  t 

-  un  veoteur  OF  fixe  de  phase  Op  iaentique  au  precedent 

*-as 

-  un  veoteur  de  phase  0h2 

-  le  veoteur  resultant  CM2  reprdaentant  le  signal  requ  de  phase  ^  ot  d'asplitude  r2 

3ur  la  Fig.  1  on  a  ies  relations  angulaires  ouivnntaa  » 


<*2  -  <*1 


*d  Tr1? 


f2  -  ft  *  <P12 

— e» 

Conaiddrcns  aairtenant  le  veoteur  Kj  tig. 

Dans  Is  triangle  nil  K2  on  a  t 

K,  H2  -  2»  »in  |  -  2a  sin  (2) 

Dane  la  triangle  0  Mi  K2  on  a  : 

Ht  M2  «  rt  ■>  rj  -  2  rt  cos  ft?,  (3) 

Jti  ooaparant  (2)  et  (3)  on  peut  aoter  * 

-  qua  Mi  M2  ne  depend  que  •  et  est  done  reprdsentstif  de  Is  cible  utile 

-  que  Kt  M2  sat  accessible  par  calcul  A  partir  du  signal  requ  puisqu'il  ae  ddpend  qua  ds  rt  .r2  ft  et  f2 

Four  exploiter  la  adthods  il  feat 

•  A  cheque  rdcurrveo#  coder  le  veoteur  CM  en  amplitude  po.ir  avoir  et  an  phase  pour  avoir 

-  A  cheque  recurrence  effectuer  une  resolution  de  triangle  (3)  pour  calcul er  Kt  M2  rtprAseotatif  de  a 

2.2.  CODAGS  DIGITAL  DU  TOMES  OK 

■* 

Le  veoteur  OK  est  code  sous  la  forao  polaire  en  une  ssplitude  r  «  (OH/  et  use  phase  f 

le  oodage  d'asplitude  a'effeotue  dsns  un  rdeepteur  aoyenne  frequence  s’spparentent  A  un  rdeepteur 
log»riti*ique  (Fig.2)  dent  cheque  dtage  sursit  un  gain  de  dB  et  surait  une  cerectiristique  linAaire  sur  au 
twins  6  dB. 

Le  oodage  d'aaplitude  utilise  une  rvp rdtentat i on  en  virgule  flottante  en  base  2  >  Is  earsstdristlque 
etant  domes  par  is  noabre  d'dtagea  pour  1  equal  on  a  franohi  le  eeuil  oorreependent  A  la  llalte  sups'  sure  ds 
la  caractdrieilque  ds  trsnai'srt  liniaire  sur  au  so  ins  6  dB.  Une  foie  la  earactirietique  codie  un  aulvtplex 
ddfinit  l'etage  sur  lequel  on  effectue  le  oodage  de  la  asatisae  liniaire. 

Le  principal  avantage  de  ce  cod  age  d'aaplituds  on  virgule  liotaante  reside  dans  la  grande  dyataique 
(de  ) 'ozdre  de  80  dB)  cur  laquelle  peut  s'effeetuer  is  oodsge. 


Le  codaga  4«  phaaa  a'affevtuu  da as  un  ddtsctaur  d'asplituda  phaaa  antra  la  eortie  linitde  du  rdcepteur  HP 
logaratneique  at  la  reference  rteiiTree  par  la  ctiuo  nr  du  recepteur.  Le  detecteur  asputuae  phaaa  aat  du  type 
quatre  quadrant*  mac  rdf  France  an  phaaa  at  an  quadrature  j  11  ast  lindariad  dans  la  vole  an  phase  at  dans  la 
voir  an  quadrature  sin  ♦  45°.  Una  logique  paraet  da  ohoieir  la  auadrant  at  la  oaractdrietique  Unfair#  k  coder 
da  ftqca  it  eroir  un  codeia  entidrooent  lindaire  sur  360s.  Bn  fait  11  a'agit  du  codaur  utiliad  sur  lea  K  ?  I  A 
cod*#*  da  phaaa  1  qui  a  dtd  present 4  au  XV  taclmieal  Syapoaiua  da  l'AGARD  an  1968. 

2.3.  RESOLUTIOR  DU  TRIANGLE  CMjM2 

la  rdaolutlon  du  triangle  CKjM^  c'effectue  scus  force  d'un  calcul  nuadrlaue  donnnntf.Hj  H ?l* 

Lea  grandeurs  dtant  coddes  en  rirgule  frottanta  11  aat  tout  natural  d'affectuar  las  calculs  en  digital  dans 
la  fcmat  vlrgule  flottanta. 

La  formula  claaaique  (3)  da  resolution  du  triangle  conduit  norsalenent  A  5  nultiplication a  et  3  additions. 
Kn  rirgule  flottante  la  nultiplication  par  2  eat  tririale  at  pour  la  foiaule  Mi  H22  =  ri2  +  r22  -  2<ir2  cos  yi£  (4) 

peut  Hr*  aoaifidt  pour  avoir  un  calcul  plua  rapine  en  3  sultiplicationa  et  2  additions. 

Ml  Mg2  =  (rt  +  iT2)2  -  4  i  ri  r2  cca2  fi*  (5) 

2 

i»+1  talon  que  le  quadrant  de  *1 2 

s?*12  est  una  fonction  trds  simple  da  912  aoit-S- 

f'12  =  {"hal  J?oar  If12|  coapria  antra  0  at 
9*12  *  j«  -  912!  pour  j<fi2i  cospria  «stra  i  et  it. 

Pour  la  ctloul  an  rirgule  flottante  11  sera  coraode  d 'util  leer  une  table  de  4CCB2  iM2pdr»sade  da  faqon 
indirect*  par  912.  Da  plus  si  <fo  aat  codd  avac  a  bit  la  table  n'aura  que  2P-2  de  longueur!2 

2.4.  IMALOfflEB  AVBC  L2  M.T.I. 

Kn  rerensnt  t  la  Pig.  1  et  an  projetaat  lea  points  M;  at  M2  aur  un  axe  (par  exespla  1'axa  da  rdfdrence  de 
phase)  an  K'i  st  H'2  il  est  facile  da  voir  1* analogic  mec  le  KTI  llndaira  dont  la  sortie  du  ddtecteur  d'aapJ.i- 
tud*  phase  sarait  un  signal  proportioucel  i  OM*  n  ,  la  fcouole  d'anmilatioc  sffectuant  la  aouatrsetion  CX'.'o  - 
W'l  *  M*2  M'i  . 


Tcutrfoi*  la  adtbode  da  trisngulation  prdeente  data  arentages  » 

-  Du  fait  du  codsge  et  du  calcul  ea  rirgule  flottanta  il  est  possible  de  trsrailler  dans  une  grand* 
djnaeiqo*. 

-  Du  fait  da  la  representation  ractorfslle  on  dvits  le  probltee  des  phases  avaugles  (cas  du  recteur 
M]  K2  pcrpendlculaire  A  l'ax*  da  projection)  qui  n'aat  gdadralesent  rdaolu  qu'en  utilisant  dans  le  HU  deux 
roiii  an  quadrature  {projection  sur  deux  axss  orthogenanx). 

L» extrapolation  da  1'  inalogie  are c  la  MSI  lindaire  au  cas  da  la  double  unulatian  peut  couloir*  1  un 
perfeotiountcent  da  la  adthede  initials  da  trisngulation.  il  en  rdsulte  une  adtbode  da  double  triangulation 
(Hg.3) ..Stasia  sJtbod#  d*  double  trisngulation  on  conaidA.*  3  recurrences  successirss  me  las  trols  recteura 
«1  ,  0B2  t  *3*  Kar  rdsolutic?  da  triangle  on  pout  troersr  las  longueurs  *i2  *23  at  e^  das  veetaurs 

MjHa  .  a 2?*3  st  *3*1  •  K»r  anal  ogle  aveo  le  M  T  I  A  double  anaulation  il  est  possible  d'eevisager  le  vecteur 

K1H2  “  *2^3  pour  cell  cooslddroas  le  point  M'3  aredtrlque  da  M3  par  rapport  A  M2  on  a  t 


-*1 

*2  + 

*2**3 

-  K,  M'j 

(6) 

d'ou  an  utilisant 

lea  triangles  Mj  M2  M3 

st  K,  M2  S'3 

•m,  m*3|2  « 

!»1 

H.,!2 

4-  in. 

•  4 

2M'3i2-  2 

1*1  *2lK*,3l 

cos  8 

1*1  *3 12  - 

1*1 

m2|2 

+  1*2  *5  |Z  “  2 

|*1  *2 1 1*2  *’3 1 

CCU  (rt-p) 

(At  an  ddfinltiva 

|k,  M'3|2  » 

2 

[1*1  */  ♦ 

|m2m3|z]  - 

’  l*!*/ 

(7) 

(Ml  H'iSl2  - 

2 

(•12 

4- 

•I3  )  - 

2 

•31 

Sana  1 'application  da  cstta  adthede  da  double  triangulation  il  feut  A  cheque  rdcurrence 

-  Bffectuar  deux  rdsolutiona  da  triangle  ctnsa  indiqud  prdcddeacusnt 

-  Ndaorieer  un  daa  rdoultats 

•  Sffsctuer  la  calcul  da  la  relation  (7) 


o  ajiaIo pvqc  i'*  A  T  1  1  in«$al  ra  ft  double  annul  at  ion  au  noyen  da  la  projection  vectorlelle  aur  un  (ou 
le.x  axes)  luit  en  outre  ap.j&raltre  u:.  cas  purticulier  d*  phase  avauglo  lorsque  Mj  et  M3  aont  symetriquea  par 
rapport  k  mi  loroque  Mj  et  M'^  aont  confondua  .  Ca  caa  eat  inddceleble  dans  le  fonctionnement  du  K  T  I  tandia 
quo  dana  cas  du  cnlcul  do  trlongulntion  it  donne  lie  1  A  un  rAsultat  nul  an  double  triangulatlen  et  un  rAaul— 

tat  non  nul  pour  la  simple  tnangulntlon  qui  eat  an  fait  un  aoua  program.-!*  Ida  la  double  triangulation  un  teat 
logique  aur  lea  rdsultata  pnrtiela  et  linaux  permet  aiaement  alora  la  chnngement  do  programme  pour  repaaaar  en 
simple  triangulation. 

'.  APPLICATION  DE  LA  HET1IODE  lit;  TnlANC.ILAi  ION  AU  K0K0PUL3E 

Dana  1 -exploitation  oonopulse  d'un  radar  le  niveau  de  clutter  peut  litre  tree  different  dans  lea  deux  lobee 
de  rayomiement  dAcalAa  d'un  mflme  aArlen  ceci  eat  notamment  le  caa  loraque  le  dAcalage  a  lieu  en  alba,  la  fale- 
ceau  baa  riaquant  de  racavoir  plus  d'Achoa  t'lxaa  ou  da  clutter  da  aol  ou  da  mar  que  le  fnieceau  haut  tandia  qua 
ca  darnler  risque  de  racavoir  plus  de  clutter  de  marge  que  le  faisceau  baa.  Dana  cea  conditions  le  traitement 
da  separation  de  l'Anargie  utile  et  de  l'Anargie  de  clutter  doit  fltre  effectuA  de  faqon  auasi  identique  que 
poaelble  dans  lea  deux  cannux  aonopulsea  A  comparer.  La  mAthode  da  triangulation  dAcrlte  travalllant  aur  deux 
meaures  A  deux  rAcurrencea  successive:)  dans  le  caa  de  la  simple  triangulation  et  aur  trois  mesurea  A  troia 
rAcurrences  succaaaivas  dans  le  cas  de  In  double  trlangulntion  paralt  bien  adaptAe  au  problAme  oonopulaa  c'est 
pourquoi  des  Atudes  ae  poureuivent  pour  en  faire  1 'application  au  deux  grands  caa  d’eapioi  du  monopulee. 

5.1.  APPLICATION  A  UN  riADArt  DE  VEILLE 

Une  preralAre  application  on  coura  rf' etude  conceme  un  radar  da  voille  avac  un  aArlen  A  couverture  haute 
et  couverture  base#  dnns  1 'exploitation  duquel  on  recherche  A  pouvolr  Avn'uer  l'nltitude  de  cibles  mobiles 
iloelgnAaa  h  pnrtir  d'uno  conaole  P.P.I. 

iiur  la  console  P.P.I.  In  cible  dAalgnAa  eat  entourAe  par  >ma  fanfltra  qui  dAfinlt  un  reotangle  en  distance 

at  axlmuth  A  1'intArieur  duquel  on  affactua  tant  pour  la  eouvartux.  _ ‘  qua  pour  la  couverture  bnaae  la 

codage  an  amplitude  du  signal  requ.  Par  allleura  lea  codngaa  en  phase  aont  sffectuAa  dans  les  M  T  I  A  codage 
da  phase  du  type  dAcrlt  dana  [1]  q  Aquipent  lea  daux  chalnes  da  couvertnr*.  Les  rAaultata  de  css  codag* <3 
aont  envoyAa  en  fin  da  rAcurrence  h  la  mAmoira  d'un  petit  n*]milateur.  Ca  petit  calculateur  10  010  da  la  C  I  I 

(  .'ocpagni#  Internationale  pour  1 '  Informatlque)  revolt  des  donnAea  tant  que  dure  la  fanfltra  da  dAsignatlon  an 

aeimuth  ;  loraque  catta  Isnfltra  aat  refermAe  la  calculateur  affaotua  lea  rAaolutions  da  triangle  pour  las  Achoa 
requa  11  en  rAsult*  daux  auitea  de  rAaultata 

-  una  suite  des  carrAa  doe  aeoteura  l*n_1  an  couverture  haut* 

-  un*  suite  mjjb  das  carrAa  den  aaotaura  m^T  an  couvartura  baas# 

Chaoun  da*  tames  da  cso  de  -  auitau  oat  raprAaantatif  du  oarrA  du  vactaur  corraapondant  A  l’Anergl*  da 
lu  cible  mobile  dana  le  cor;'  -.dArfl  avac  una  pondAratlon  corraapondant  au  diagram*  da  rayonnamant  an 
axlmuth  da  1 'antenna  an  rotation.  II  eat  alora  possible  d'Aliminar  da  oaa  daux  suits*  la*  tamaa  qui  auralant 
donnA  lln  h  una  prAolslon  molndr*  dana  l’une  ou  l'autr*  dts  tri angulation*  (ceci  A  l'aid#  da  crltAras  aur  ifqj 
qu  1 'amplitude  dea  termoo  compurAa  A  laur  moyerj.a) . 

2  Da  soman t ion  dana  ohaqua  mult*  da  toua  laa  tormaa  raatants  donna  A  urn  oonatant*  prAa  una  aoyanna  pondArA# 
da  a£  ou  at  la  pondAratlon  dua  au  dlagraame  da  rayonnamant  an  axlauth  dormant  plua  da  poida  aux  maauraa  (at 
dono  aux  rAaultata  daa  triangulations)  corraapondant  au  oantra  du  diagram#  do  rayonnamant  an  azimuth  da 
1 'antenna.  La  rapport  da  caa  moyannaa  pondArAe*  permat  da  oalocler  la  ait*  da  la  oibla  mobile  an  peasant  par 
une  fonction  cornu#  du  rapport  deo  gain*  des  diagrams*  da  rayonnamant  dAcalAs  an  ait*.  Una  fola  oonnu  le  alt* 
d*  In  cible  mobile  dAalgnAa  et  an  distance  il  est  alora  faoil*  d'an  calcular  1 'altitude  at  da  la  tranamattra 
en  digital  A  la  coneol*. 

D-i  fait  de  la  foible  vltass*  du  cnlculstaur  utlllaA  en  virgul*  flottart*  at  du  grrod  nombra  da  trianglas 
A  rAooudrt  la  programme  cooplet  duro  pluaieura  second**  mala  reste  lnfArlaur  h  une  rAvolatlon  complAte  da 
1 'aArlen  du  radar  da  veille, 

5.2.  APPLICATION  A  UN  itADAn  DE  ,'O’JrtJUITE 

Una  second#  application  Agalement  en  coura  d'Atude  concern*  1 1 AcortomAtrie  engulaire  d'un  radar  da 
pourauite.  II  a'agit  de  calculer  rAcurrence  par  rAcurrence  la  valeur  numArlque  dea  srraura  angulalrea  par 
rapport  A  una  cible  mobile  en  prAaence  <to  clutter, 

Une  prer.lAre  dlfficultA  lntervlsnt  du  fait  qua  1 'on  charch*  A  annular  catta  erreur  pour  la  cible  mobile 
ce  qui  risque  de  dormer  dans  le  dlngrnmr.e  diffArenca  une  tr-'.-s  faible  valeur  da  ■  pour  un*  valeur  non  nAgli- 
goable  da  f  .  Pour  Avlter  caa  inconvAments  11  convient  de  trsvailler  non  pas  aur  dea  dlagrammeo  aomma  et 
diffArenca  co  me  c'eat  le  cas  en  gAnAral  sais  aur  lea  dicgrasnes  AlAnentalres.  Nous  considArarona  dono  le  caa 
du  monopulae  h  4  lobes  ;  deux  lobes  dAcalles  on  alts  et  deux  lobes  dAoallA*  an  glsamant. 

Du  fait  da  la  poursult*  en  distance  le  codage  devru  At re  affect iA  simultonAmant  aur  les  4  lobes  at  pour 
urAaervar  lo  temps  real  lea  triangulntiona  devront  a'affectuer  or.  itolro  t  'une  rAcurrence  ce  qui  correspond  A 
4  resolutions  de  triangle*  1'rnn  le  cno  de  In  simple  trlnngulatlon  et  h  H  dons  le  caa  da  la  doubl*  trlangulatlon. 
11  an  rAaulta  q’i'una  ocAration  de  tnangulation  dolt  fltre  effectuA#  antra  la  sixlAae  at  1#  vingtiAa*  da  la  rAeur- 
rsr.ca.  En  utlllsnnt  deux  q:*Ar  .teur  i  dlgltnux  ef:ectuont 

-  1 'un  I'nddltlon  tu  In  soun traction  hi  vlrgula  flottante 

-l ‘.nitre  In  ir.ultiollc  itlon  u  In  division  an  virgul#  flottante 
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II  eat  possible  d'afi’eotuor  en  virgule  flottanto  una  ^ration  dl&entaire  d' addition  ou  da  souatraction  at 
une  o  para  non  do  multiplication  ou  a*  division  an  quaiques  microaaconaea  oo  qui  Palme's  da  resouara  i«  prooiase 
h  condition  d'utilitcr  un  vrcgritase  cabid  at  une  table  de  forction  trigonoadiriquo  an  format  virgul*  floxtani*. 

Las  rdsultata  das  resolutions  de  triangle  dowaant  las  oarrda  das  coddles  de  vactaura  raprdsrntatifs  da  %, 
soit  pour  deux  lobes  ddsignd*  X  et  X  las  quantity  «r2  et  m2 

x  y 

L'errsur  rdsultant  de  la  coaparaieon  das  looas  X  et  T  serait  noraaleaent 

f  =  SS.---.ay,  (8) 

■x  +  ay 

ou  an  oultipliant  le  nuadrateur  et  le  ddnorainateur  du  tense  de  droita  de  (8)  par  s*  +  Sy 

r  .  ax  -  sy  a  b2x  -  b2v  _  q~r  -  a2v _ 

®*x  By  (mx  +  By)2  o|  +  a>^  +  2mx®y 

Pour  une  aire’ir  nullu  ou  faible  :  Bj  atay  auaai  prendrona  nsua  au  lieu  de  £  i&  quantity 

s'*  oLleL  (9) 

2(4*4) 

ce  qui  permet  d'dviter  d- avoir  X  ertraire  des  racines  carries. 

4.  LIMITATIONS  M  LA  METHODS 

Sane  i'dtat  actual  de  la  techniqu*  la  principal*  limitation  saehl*  s*  aituar  au  niveau  das  cod ages.  U 
ant  bian  sur  drident  que  lee  rdeepteurs  doivent  avoir  la  qualitd  eonopulse. 

Pour  1*  codag*  an  phase  actualleaant  bias  connu  et  pour  das  duress  d'ispulsion  de  l'ordre  da  la  sicro- 
sacondo  le  codags  X  6  bits  pour  360°  est  chose  couraate  et  un  codage  L  1C  bits  est  du  dosaine  du  possible. 

Pour  le  codage  en  amplitude  le  codage  de  la  caraotdriatiqua  ne  pose  pas  de  groa  problbse,  celui  da  la 

mantis**  s'affectu*  aotuellasent  sur  4  ou  5  bits  et  un  codag*  sur  8  bits  est  du  doaaine  du  possible. 

Lorsque  la  largaur  d'ispulsion  disinua  en  dessous  de  la  si cro second*  le  codage  rapids  deviant  plus 
difficile  at  le  nosbre  de  bit  derra  6tre  rdduit. 

be  faible  nosbre  de  bits  de  codage  sigoificatifa  possibles  limit#  la  precision  das  denude*  d'entrda  du 
ealcul.  II  eat  1  rasarquer  qua  1*  format  an  virgol#  flottant#  ddlivre  das  donndee  dont  Is  quantification 
n'sffect*  que  la  precision  relative  et  non  la  precision  abeolu*. 

Dsns  les  cal culs  eux-cSsst*  par.  centre  on  ne  se  trouve  plus  liaitd  an  general  par  Is  longueur  das  sots 
et  seuls  intarviannaot  lee  i»p4n*’f#  de  vitaeas  da  calsul  c#  qui  conduit  h  utiliser  des  tables  de  fractions 
trigoncc^triques  qui  devrout  avoir  une  t  'iciaion  auffisaat*  done  nettassnt  plus  de  bits  signifieatifs  que  pour 
le  codage. 

L'dtude  des  erreurs  duos  1  la  quantification  ou  tux  cel euls  peraet  d'optiaiaar  cea  darniara  at  da  trouver 
des  critXrea  qui  serviront  a  dUsiaar  las  result ata  qui  riaquaraiact  d’Atre  par  trop  erronndv  ou  ceux  dont  les 
erreurs  ne  pourraiont  paa  dtr*  rddtiitos  par  un  filtrtge  ultdriaur  des  rdaultat*.  Ce  filtrage  ultdriaur  eat  du 
rests  toujour*  souhaitable  et  neceasaiie  du  fait  que  lea  calculs  pansettant  d'obtenir  un  rdsultat  par  rdcUrranc# 
correspondent  X  un  dchantillonnag#  X  un#  frdquenca  trie  nettasent  supdrieure  X  1 'utilisation  fcabituelle. 

CONCLUSIONS 

*oua  avons  ddcrit  une  ueuvalle  adthed*  de  traitaeent  da  .aignaux  radars  an  prdaance  da  clutter,  sdthode 
adapts*  X  1 'exploitation  oonopuls*  d'un  radar. 

Cette  sdthode  de  calculs  nuadriqnes  trigwaasdtrique  se  ddvelcppe  actcellaoent  melon  la*  grande*  appli¬ 
cations  de  la  technique  sonopulse.  Ella  pcirrait  ouvrir  la  voie  vara  une  digitalisation  toujour*  plus  poussde 
du  traitesent  du  signal  X  l’intdrieur  ndae  das  radars. 

6.  mwzT&jms 


Les  auteurs  t lament  X  raoarcier  Monsieur  l'Irgeniaur  de  I  'Air  DAHHICAD  du  S  T  ?  A  qui  le  praaaer  laur 
a  donnd  l'idde  de  base  de  la  sdthode  da  triangulaticn  ainri  qua  la  Direction  Technique  da  1*  Division  kadtr  de 
Surface  da  la  THOMSON  -  CSF  qui  n'a  cased  de  las  arcourager  at  da  las  assistcr  dans  1 'Etude  qui  nous  a  did 
parsis  da  voua  prdaantar. 

Catt*  dtude  aat  partiellasant  support d*  par  la  Dirac ticn  Hiniatdrialle  pour  l'Arsesaat,  Direction 
Technique  des  Construction*  Adronautiqus,  Serric#  Technique  des  Tdldcoeaunications  d#  l'Air. 
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1  -  SOWtMius 

tes  rad  are  oohArents  A  basso  frequence  de  rAcurrer.oe  posneitent  d'Aliminsr  las  Achos 
parasites  dont  la  frAquonce  Soppier  art  foible,  ile  fouraissent  la  distance  des  cibles 
utiles,  ;uais  en  gAnA-sl  la  Vitesse  -adiale  de  oes  cibles  n'est  connue  cru'avec  arabigultA. 

be  syetAme  dAorit  pertnet  de  me  surer  la  Vitesse  radiale  vraie  d'un  mobile,  il  est  aseoeiA 
A  un  Ametteur  cohArent  qui  module  l'o.ade  Anise  par  deux  trains  pAriodiques  d'impul cions, 
sAparAs  on  temps  par  un  mtervalle  beauooup  plus  faible  que  la  pAriode  de  rAourrenoe. 
be  iraitement  A  la  rAoeption  est  un  traitenent  linAair-,  ce  qui  permet  d'Aliminer  les 
Achoa  parasites,  il  utilise  deux  dAtections  sjmehrones  pour  conoerver  1’ information  de 
phase  jusqu'A  la  fin  du  filtrate.  b'ambiguftA  de  distance  introduite  par  la  forme  de 
-l’onde  Amice  est  levAs  par  une  opAration  logique  tandis  que  le  lever  d»ambi guItA  de 
vitesse  est  obtenu  par  me sure  du  ddphasags  ant  re  les  deux-trains  d'impolsione  qui  ont 
AtA  rAfldchis  par  la  cifcle. 

2  -  urriiOBocnoH 

On  radar  cohArent  A  bass*  frequence  de  rAcurrenoe  per net  d'Aliminer  les  Achoa  fixes  ; 
il  fournit  la  distance  des  cibles  Mobiles,  les  vitesses  radiaies  ne  peuveirt  8tre  connuss 
que  de  mrai Are  ambiguS,  sauf  dans  le  cas  particulier  ou  la  longueur  d'onde  est  grande 
et  la  portAe  maximum  rAduite. 

Or,  les  systAmes  de  traitenent  do  1' information  qui  sc'-t  aasociAa  au  radar  psuvant 
avoir  be so in  de  connaltre  la  vitesse  radiale. 

be  syetAme  que  reus  allons  dAcrire  perraet  d’obtenir  la  distance,  la  vitesse  radiale 
des  Achos  mobiles  et  siraultan Ament  il  assure  un  taux  do  rejection  des  Actios  fix*3 

trAe  AlevA. 
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Caraotdrialiguta  du  signal  dais 

La  tign\l  drais  ast  oonatliui  d’un-  onda  pure  ddooupde  par  dame  train  a  d'iapulaiors 
identicruaa,  sdpsrds  l’un  da  I'autre  par  un  intervalle  da  taupe  T  petit  devant  la^ 
pdriode  da  rdearrenoe  T  rrui  oaraotdriak  ohaque  train  d*impulaions  (voil  figure  l). 

La  pdriode  T  du  signal  amis  aat  function  da  la  portde  maxima  qua  l’on  vaut  obtanir, 
combo  dona  tous  las  radars  aana  ambiguTtd  da  distance* 

La  lirgeur  d* impulsion  aat  fonotion  du  pouvoir  da  resolution  an  distanoe  cbsrohd* 

Bi  nous  nontrarona  qua  1* intervalla  da  taaps  t  ad  parent  las  daux  trains  d' inpul alone 
deficit  la  plage  Doppler  dfd  nr  laqualla  il  ast  possible  da  me  surer  la  frequence 
Doppler  das  ciblas  > 

dfd  -  ~r 

3  -  msssMisssesJssB 

A  la  recaption,  la  signal  sst  dobantillonn*  ;  la  pas  d *  fohantillonnage  set  ssnsiblsnsnt 
plus  petit  qua  la  largcrar  das  inpulsions* 

Lea  dehantillons  distant s  da  la  periods  T  eontregroupda  da  fapon  k  Itra  traitea  dan*» 
dee  filtree  nusdriquae.  Les  daux- trains  ds impulsion*  rJfldohie  par  una  oibla  saront 
dono  trait ea  dane.  das  vbiee  edpardss* 


11  act  possible  delaeorted'obieniruBe  asasi  ferto  Tdjootion  dea  dohoe  fixes  qua 
.dans  un  radar  coherent  dout  Is  signal  dais  set  eonstitud  par  un  train  d’lnpuleicna 
non  noduld  an  phase* 

Los  f litres  nandriquss  soot  Idgdmaant  dif fdrants  da  oeux  utilise*  oouraansnt  pour 
dininer  lee  dobos  fixes  j  ilk  soot  oajnotdrisds  par  Is  fait  qua  la  frdqruanoe  de  sortie 
d?  1' information  set  beaueoup  plus  faiblscn#  la  frdqusncs  ds  rdourrsne*  du  radar. 

Ls  leaps  d' observation  set  divisd  an  intorvallas  Joint  if*  da  durda  0  J  cheque 
interval}*  constitua  un  oyola  de  filtrag*  j  li  pdrlod#  da  sortie  das  informations 
filtrde  ast  0  , 
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Cheque  train  d* impulsions  re?u  dKne  cible  &u  oours  du  cyole  d«  filtrage  est  multipltd 
par  une  fonotion  de  ponddration  h(t),  '«  signal  ainsi  ponddrd  eat  d <5 moduli  par  deux 
ddmodulateurs  synchro nee  travalllart  «n  quadrature  et  le  rd  suit at  de  oette  ddsodulation 
est  intdgrd  dans  un  irtdgrateur  rrumdriqus.  La  fonotion  h(t)  ast  la  rdponse  impulsionnelle 
d*un  f litre  pasae-has  ;  le  sortie  de  1 1  intdgrateur  numdrique  ddpaeoera  un  certain  se>iil 
si  le  prcduit  de  la  ddraodulation  est  un  signal  dont  la  frequence  est  voisine  de  le. 
frdqitenoe  nulls,  ou  d'un  multiple  de  la  frequence  de  rdcurrenoe. 

Si  l'on  designs  par  H{f)  la  trunsform^e  de  Fourier  de  h(t),  on  peut  considdrsr  que  le 
syst&me  est  Equivalent  &  un  filtre  dont  la  rdponss  en  frdouence  est  |  H(f  -  fl  )|2  , 
flddsignant  la  frequence  de  ddraodulation. 

Pour  dviter  un  phenomena  de  phases  aveugles,  il  y  a  deux  ddmodulateurs  en  quadrature. 
Pluaieurs  filtre c  identiquns  dont  les  frdquenees  centrales  fj,  fp*  -3  »•»  oont  oalouldes 
de  fagon  k  obtenir  un  ldger  recouvrement  des  plages  de  frequence  peni'ettent  de  ddteoter 
les  signaux  sur  l'ensemble  de  la  plage  Doppler  utile.  Le  cchfna  de  rrincipe  du  Lane 
de  filtres  est  donnd  en  figure  2. 

1a  figure  3  donne  la  fonotion  de  ponddration  h(t)  et  la  figure  4  la  module  de  sa 
transformde  de  Fourier, 

La  figure  5  iadique  la  coorbe  dti  rdponse  en  frdquenoe  de  l'ensemble  des  filtres. 

4  -  WHOM  DE  U  jggBfflOg  ST  DE  U  FRBQUEHOE  DOPPLER 

4*1.  Woe cru  de  la  distance 

Le  aigual  dsiis  est  ccaposd  de  deux  trains  d* impulsions  et  les  filtres  qui  traitent 
ue  signtl  eont  sensiblement  adaptds  k  un  train  d’ impulsions  ;  il  en  re suite  qu'un 
but  Mobile  donne  deux  rdponses  dans  un  filtre  Doppler,  et  ces  reponces  soni  sdpardes 
dans  le  temps  par  l'intervalle  t • 

Le  systbss  de  ddcision  de  prdirnce  cui  est  indiqud  sur  la  figure  6  ,eroet  d'extraire 
la  distance  de  la  cible  en  feumissant  }  ’dcart  entre  le  signal  dais  et  le  signal  rosu. 


4*2.  Masuro  do  la  freouonoo  Dsriplcr 


Er.  ddcrivant  le  filtrage ,  nous  r.vonn  indiqud  tru'un  i  litre  utiliaait  deux  ddrnodu- 
lataure  synohroneo.  Lea  signanx  de  ddmodslation  eont  a  la  mime  frequenoe  maia  on~ 


una  difference  de  phase  de 


ft 

2  * 


Lo  premier  but  recherche  oat  d'6viter  un  phdnomfcna  de  phases  aveugles.  Montrono 
qu’ il  eat  5jgaleeent  possible  de  connaStre  la  freemens  o  Dooplar  des  ciblea. 

Le  cystine  de  filtrage  pemet  de  deoolor  un  effet  Popplor  ;  la  frdquenco  mesurde 
j-eut  cependant  diffgror  do  eolle  de  la  eiblc  d'une  quantity  k  fr  multiple  de  la 
frequence  do  recurrence,  k  dtant  un  nombre  entiar  quo  l*on  veut  connaliro. 

Pour  cela  faisons  1' hypo the  so  cue  la  fonction  h(t)  eat  pairo,  cela  n'est  pas  una 
nicessitd  main  siraplifie  1'erposS, 

Considfiror.n  un  echo  situi  dan3  le  premier  filtre  ,  dono  un  ioho  dont  la  frequence  t 
est  telle  qua  f  -  f  t  est  voisin  de  k  fr*  I«  signal  rc$u  se  compose  de  quatre  teraes  i 
Pour  le  premier  train  d’impulaions,  i.  la  fin  de  l'intdgr&tion,  nous  avons  t 


x  «_+n  - 

A  -  h(i  T)  cos  2Tl(f  -  f,)  i  T  +»?] 

i  •  -n 


et 


i  «  4n 


y  h{i  T)  sin  j.2Tl(f  -  fi)  i  T  *<t] 


i  ■  -n 


Pour  le  second  train  d*  impulsions  : 

i  »  +n 

z 

i  -  -n 


r  i 

c  -  h(i  T)  cos^2Tt(f-  fi)  (i  1  +t)  +*fj 


et 


i  «  +n  _ 

s  "  Z  T)  «i"  [  2”J>  (f  -  f  )  (i  5  +T)  +<f] 

i  -  -n  *■ 


et  do  uhase  ^ 

C  at  D  nont  los  corapoo*ntea  d'un  veoieur  V2  de  none  nodule  et  de  phase 
<?  +  21»ff  -  ft) 


La  difference  de  phase  entre  et  Vg  per&et  de  calculer  k  fy. 


Or.  1  1 


f  r  » 


z'nr 


Ce  qui  donno  la  frdrueiwe  floppier  fa 


fd  =  fl  -  F  + 


21JT 


P  est  la  frequence  cnisa  par  la  radar,  fi  la  frequence 


Le  cyst fees  eat  done  capable  de  lever  des  anbiputtec  do 
1 


dgale  & 


r* 


de  demodulation. 


frequence  cur  we  ,)lasc 


I41'1' -  :-a-yV  _-’v  ^ 


\vant  :'n  oorwnror  cj  dinronitif  u  cnux  rdndrelunent  uiilioi'in  pcur  offoctuor  un 
filtrapo  Doppler,  il  net  bon  no  roncr'-uor  rain  le  rohtSna  de  la  figure  P.  n'ont  -lu'un 
ich<“ia  <!e  nrinoipc, 

Cana  lo::  rdnlieations  los  plan  intdronnftntos,  coal  a  --bai  jtent  deux  ddteetourn 
nyrchronon  util  leant  la  nOmu  f  rdnuonee  da  d^tsodulatl.sa. 

La  cortio  doa  ddnodulateura  oat  nonddreo  oar  la  frr.tior.  h(t)  puin  codda  o',  un 
trv  toment  nundriaue  tout  &  fait  oomblable  &  celui  r;ui  rort  a  oaloulcr  unc  trans- 
forpt-o  do  Fourier  oorrot  d'cbtapir  lo  aigr.nl  do  nortie  des  filtree. 


5  -  COHGUJ3TOK 

II  eot  intdressant  do  comparer  un  radar  cohiront  k  bnoao  frdruonca  do  recurrence  &  un 
radar  rlalir-d  salon  1*  eohdn*  que  noun  vcnons  dHndir-uer. 

1*3  posnihilitds  de  rejection  d'dchos  fixes  aont  semblnbler.  Le  radar  rue  nouo  avonn 
d.Vrtt  introduit  uns  arbiffuTtd  do  dictanoo  pour  leo  ciblao  mobiles,  ambiguity  qui 
Tjcut  8tre  facileoont  lovde  par  la  Ipgique  do  detection.  Par  rapport  -aux  rad*r«e  noreruR, 
il  pr.t-on+*  l«w»ntap«  de  peroettre  la  Moure  do  la  frequence  Doppler  ot  cola  pout  Stre 
extr&aonor.t  utile  pour  dliminer  doo  of  ties  mobiles  mais  lento n.  Si  lo  radar  sort  t  la 
veille  a^rionno,  il  lui  est  possible  d'dliainer  tous  los  vfhiculoc  terrostres  detector. 

P’-Jit  •~C"  part  scalar  it  6c  *>  ojrstfcre  sortt  lides  au  rode  do  filtraps  ot  plus  part iculi dromont 
an  Tait  do  decouter  lo  lemon  d« observation  en  intorvalloo  do  filtrate  no  so  chevaucbant 
pan.  l)o  eattc  prrticularitd  rdaulto  la  faible  f rdrruor.ee  do  lecture  -lee  filtron  et  dans 
ur  rid  nr  dent  I’antsnno  sffcctue  une  rotation  continue  la  faiblo  prdcinion  de  In  manure 
anfulaire. 

11  eat  oar  centre  possible  do  pmfitor  de  cette  onrticulnritc  pour  chsarer  loa  caraott— 
rietiques  d •dmiaoion  d’urs  cycl a  de  Ciltrvo  nu  3Uivnnt  ;  ce  cui  parrot,  de  ditainuor 
l'cffet  des  noren  de  vitesses  aveuglus  oar  eban  percent  de  la  frequence  dp  recurrence,  et 
de  diminuor  l’et’fct  der  fluctuation",  de  siblc  par  chonpenor.t  do  la  frequence  d'dmiosion. 

Con  ehwrenonts  dea  onrnotdrlotinuon  d'dnioaion  oemottent  d’ocaroS+ne  aotablement 
la  prebabilitfi  do  detection  du  radar. 


Iota  :  Le  dinronitif  ddorit  fait  I'ob.iot  du  brev**t  fremoaie  n*  1  5S5 


ff-*  (f'f-  ■ 


20- 


mw/wvwvvA;  - 

,  porteust  coherer}/*- 


_ r 

r 


n  r  _  n  n  iin ^ 

.  Signal  do  njoJuiatioif  de  /ojde  por/ease. 

«.  Signal  enjis  -  ?{$•  / 


i 

t 


. Schema  do  pri/fcipo  do  bate  de  ^t/frcs  -  f>p-  2i 


0 


!,  h  t,  4  4  / 


30-1 


DETECTION  07  DOPPLER  SHIFTED  RADAR  SIGNALS  WITH  CLUTTER 

REJECTION 

W.  D.  Mirth 

FORSCHUNGSINSTITUT  K)R  FtJNK  UND  MATHEMATIK 
5307  Wachtberg-Werthhoven ,  Germany 


The  problem  of  detecting  doppler  shifted  radar  signals  in  clutter  and  noise  is 
treated  with  the  likelihood-ratio  test.  For  the  application  of  this  test,  which  is 
optimal  with  respect  to  the  error  probabilities,  informations  about  targets  and  clutter 
ore  necessary.  A  separate  measurement  and  data  evaluation  program  resulted  in  sufficient 
knowledge  about  target  and  clutter  signnls  to  construct  the  test  function.  The  detection 
system  consists  of  e  set  of  weighting  functions,  which  form  a  filter  bank  to  cover  the 
whole  doppler  range.  All  individual  wsight  functions  perform  two  tasks:  detection  of 
their  respective  doppler  signal.  If  present,  and  suppression  of  the  clutter  signals.  An 
experimental  system  combines  digital  and  analog  techniques.  If  the  spectrum  of  the 
clutter  ie  varying  with  time,  the  filter  may  be  divided  into  an  adaptive  clutter 
suppression  filter  and  a  doppler  filter  bank.  The  weighting  function  for  clutter 
suppression  in  this  case  has  to  be  derived  from  real  time  estimates  of  the  clutter 
correlation. 

1.  INTRODUCTION. 

The  problem  of  detecting  moving  targets  and  simultaneously  suppressing  clutter 
echoes  is  common  to  ell  surveillance  radars,  especially  to  those  for  tbs  acquisition  of 
lew  flying  aircrafts.  The  SCV  (Sub  Clutter  Visibility)  depends  on  t«t  frequency  stabili¬ 
ty  and  other  parameters  of  the  radar  .and  on  the  signal  processing  system.  Our  objective 
was  the  development  of  a  detection  system  for  moving  targets  in  clutter  with  some  im¬ 
provements  against  the  conventional  NT I.  We  have  to  admit  an  Improved  system  of  being 
sore  complex.  On  the  other  hand,  considering  the  new  possibilities  of  modem  integrated 
circuits  for  analogue  and  digital  devices,  this  seems  to  be  no  handicap.  The  desired  im¬ 
provement  ie  achieved  by  the  application  of  the  fundamental  results  of  the  statistical 
decision  theory  to  our  special  problem,  together  with  an  extensive  program  for  tie 
measurement  and  evaluation  of  radar  signals  from  different  types  of  targets  and  clutter. 
This  method  allows  generally  to  optimize  the  signal  processing  system  for  a  certain 
radar. 
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2.  SIGNAL  REPRESENTATION. 

Amplitude  and  phase  of  the  rece'.ved  signals  shall  be  used.  The  phase  ie  related 
to  tha  phase  of  the  transmitted  pulse.  Furthermore  the  signals  have  to  be  sampled  before 
quantization  at  a  rate  of  1/2t,  where  t  equals  the  width  of  the  transmit  pulse.  Thus  the 
whole  radar  area  is  divided  up  into  range  elements.  For  each  rangs  element  we  get  an 
infinite  sequence  of  echo  vectors  at  a  rate  equal  to  the  pulse  recurrence  frequency 
(prf).  (fig.  1)  Series  of  .arget  echoes  belong  to  their  corresponding  range  elements, 
hence,  the  detection  procedures  have  only  to  process  signals  belonging  to  single  range 
elements. 

The  echo  vectors  may  be  represented  by  their  amplitude  and  phase  or  by  tnelr 
orthogonal  components.  We  choose  for  our  purpose  the  representation  by  components.  Tho 
reason  simply  is,  that  echoes  of  targets  and  clutter  superpose  linearly  their  components 
and  we  can  hope  to  extract  them  with  a  linear  system.  The  signal  components  may  be  deri- 
vated  from  the  IF-signal  by  multiplication  with  the  coho-signal  respectively  the  9 0°- 
shifted  coho  signal.  After  a  lew  pass  filter  the  orthogonal  components  are  sampled. 

3.  SIGNAL  MODEL  FOR  TARGETS  AND  CLUTTER. 

Before  we  can  apply  the  statistical  decision  theory  to  a  special  detection 
problem,  suitable  models  for  the  target  and  interference  signals  have  to  be  chosen. 

The  model  for  the  echo  signals  of  an  sir craft  during  one  scan  is  a  series  of  step¬ 
wise  rotated  signal  vectors,  (fig.  2)  Their  length  is  determined  by  the  target  cross 
section  modulated  by  the  antenna  function.  The  phase  difference  between  successive  vec¬ 
tors  is  given  by  the  doppler  frequency  shift  efl,  which  depends  on  the  radial  velocity  of 
the  target,  multiplied  with  the  radar  pulse  period  T.  The  series  of  signal  components 
shows  samples  of  the  doppler  signal  with  the  antenna  function  as  envelope.  This  model  of 
an  ideal  aircraft  echo  may  differ  from  reality  in  two  points t 

The  cross  section  of  an  aircraft  may  fluctuate  during  the  scan  (Swerllng  case  II) 
and  the  phase  differences  may  be  more  or  less  random  so  that  there  is  no  predominant 
doppler  signal.  Both  effects  may  be  caused  by  propeller  rotation  and  vibration  effects. 

With  our  measurmaent  and  * valuation  program  for  radar  signals  (RADICORD)  /!/,  /2 / , 
/3/,  echoes  of  different  types  of  aircrafts  along  tracks  were  recorded.  One  purpose  of 
the  evaluation  of  these  date  was  to  clarify  these  points.  The  amplitude  series  according 
to  the  3  dB-beamwidth  is  used  to  compute  the  standard  deviation  of  tha  amplitude,  norma¬ 
lised  to  the  respective  mean  amplitude.  The  Influence  of  the  antenna  function  was  elimi- 
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natad.  Fig.  3  shews  a  typical  example  of  a  propeller  aircraft.  Compared  with  the  needy 
part*  the  power  of  the  fluctuating  part  of  the  signal  is  low  enough  to  generally  verify 
our  signal  model  in  this  point.  For  jet  aircrafts  the  model  fits  even  better.  The  phase 
differences  and  their  deviation  were  computed  and  figured  in  a  corresponding  manner. 

Fig.  4  shows  an  example  for  a  jet  aircraft  and  fig.  5  for  a  helicopter.  Both  examples 
show  the  mean  phase  differences  for  single  scans  along  the  track  and  he  deviation  of 
the  phase  differences  within  the  single  scans.  Compared  with  the  mean  phase  differences, 
the  deviation  is  small  enough  for  both  extreme  examples  verifying  our  signal  model  in 
this  point  as  well. 

Single  fixed  point  targets  produce  a  series  of  echo  vectors  with  constant  phauc, 
only  the  amplitude  is  modulated  by  the  antenna  function.  If  the  antenna  scans  an  area 
with  randomly  distributed  fixed  scatterers ,  the  resultant  echovcctor  is  slowly  varying 
its  amplitude  and  phase.  Slowly  means  in  comparison  with  the  radar  pulse  period.  This  is 
due  to  the  so  called  "scanning  effect" s  because  the  antenna  beam  is  shifted  only  a  snail 
part  of  its  beanwidth  between  successive  pulses,  there  Is  only  a  small  change  of  the 
illuminated  clutter  area.  In  most  cases  the  illuminated  clutter  area  contains  many 
independent  scatterers,  and  with  the  "central  limit  theorem"  we  may  assume,  that  the 
signal  components  are  normally  distributed.  Furthermore  the  time  behaviour  of  the  clutter 
signals  is  influenced  by  the  internal  motions  of  the  scatterers,  instabilities  of  the 
radar  and  the  superposition  of  receiver  noise  and  is  described  by  their  correlation 
function. 

Zf  we  know  the  correlation  function  of  the  clutter  signals,  we  can  formulate  the 
n -dimensional  normal  distribution  density  as  the  joint  distribution  density  for  n 
successive  clutter  signals.  The  correlation  function  for  fixed  clutter  is  closely  rela¬ 
ted  to  the  antenna  function,  and  this  relation  may  be  used  to  compute  an  idealized  fixed 
clutter  correlation.  But  to  cover  all  other  effects  cited  above,  it  is  necessary  to 
estimate  this  correlation  from  recorded  clutter  signals.  Within  the  above  mantioned 
RADZCORD -program  clutter  signals  were  recorded  and  evaluated  for  several  radars  and 
different  types  of  clutter:  fixed  clutter,  terrain  clutter  and  weather  clutter.  By 
using  the  Fourier-transform  we  get  the  power  spectrum  out  of  the  correlation.  Both  are 
shown  as  an  example  for  fixed  clutter  on  fig.  6. 

Note  the  main  part  of  the  clutter  spectrum  around  doppler  frequency  zero  and  the 
noiselike  part  at  all  higher  frequencies  in  the  unambiguous  frequency  interval.  This 
"clutternoise*  is  produced  by  unccrrelatcd  signals  due  to  radar  instabilities.  The,  den¬ 
sity  of  this  noise  determines  the  improvement  factor  for  the  S/C  ratio  achievable  by 
the  signal  processing  system.  Fig.  7  shows  the  correlation  and  the  spectrum  of  an 
example  of  weather  clutter.  In  this  case  the  correlation  function  is  complex  because 
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the  main  part  of  the  spectrum  is  doppler  shifted,  according  to  the  radial  wind  velo¬ 
city.  the  power  spectrum  of  the  weather  may  assume  very  different  shapes  according  to 
the  respectiva  weather  situation. 

4.  LIKELIHOOD -RATIO  TEST. 

The  detection  of  moving  targets  in  clutter  may  be  regarded  as  a  problem  of 
testing  two  hypothesis  HQ  ar i  H^.  HQ  is  the  hypothesis  that  there  is  only  clutter  and 
noise.  is  the  hypothesis  that  there  is  a  moving  target  with  a  doppler  frequency  shift 
We  need  a  decision  rule  to  select  after  receiving  a  signal  one  of  the  two  hypothesis. 
There  are  two  decision  error r  possible: 

1.  Decision  for  H^,  but  hq  is  true.  This  event  is  a  falae  alarm,  its  probabili¬ 
ty  is  usually  named  s. 

2.  Decision  for  HQ,  but  is  true.  This  event  is  a  miss  of  a  target,  its  probe 
bllity  la  usually  named  I. 

Optimizing  the  decision  role  means  minimizing  a  for  a  preselected  9  or  vice  versa 

The  solution  of  this  problem  is  given  by  the  well  known  likelihood -ratio  test 
(fig.  8).  The  set  3  of  received  signals  has  to  be  inserted  into  the  test  function  x(z). 
If  Ms)  exoetds  the  threshold  n,  io  chosen. 


Assuming  HQ  tc  be  correct,  pQ(s)  is  the  joint  probability  density  function  for  z. 
PjCz)  is  the  joint  probability  density  function  for  z  if  a  target  is  present  (hypothesis 
Bj) ,  averaged  with  respect  to  the  possible  perimeter  space  cf  the  signal. 


fig.  9  shows  the  test  function  for  the  detection  of  a  certain  signal  s^,  with 
doppler  frequency  <*d  *  as  parameter,  out  of  correlated  clutter  signals  and  noise,  z* 
is  the  row  matrix  containing  the  series  of  signal  components  corresponding  to  one  range 
element.  The  length  n  of  the  series  may  be  chosen  equal  to  the  number  of  pulses  within 
the  3  dB  beam  width.  The  elements  of  the  correlation  matrix  K  are  the  measured  corre¬ 
lation  valuas  of  the  clutter.  Multiplying  K*1  and  s^  wo  find  the  column  matrix  h^.  The 
result  of  the  scalar  product  of  z  and  h^  is  y^.  may  be  regarded  as  the  output  of  a 
time  domain  filter  with  the  weighting  function  h^ > 


If  the  whole  doppler  frequency  range  is  covered  by  M  weighting  functions  hif  the 
resulting  test  function  would  be  the  average  of  all  M  differant  xA(xi  (fig.  10).  This 
test  function  is  very  difficult  to  handle  with  respect  to  a  e.^nal  processing  system 
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i  negligible  loss  for  the  following  alternative  test  function: 


Take  the  maximum  of  all  y1  (i  -  1. . .M>  for  the  threshold  c  cm  pa.*  Ison. 

A  small  signal  approach  leads  to  the  average  of  the  yi  as  the  test  function.  Bat 
this  test  shows  very  ocor  results  for  reasonable  signal  to  noise  ratios. 

The  processing  system  must  have  a  shifting  memory  with  a  shift  rate  equal  to  the 
prf  and  with  n  stages  for  each  range  element,  a  weighting  network  acting  as  a  bank  of 
filters,  and  a  threshold  comparator.  Because  clutter  from  fixed  targets  is  the  most 
severo  interference,  the  correlation  of  fixed  clutter  is  used  to  compute  the  weighting 


functions  h^«  As  an  example  fig.  10  shows  the  frequency  transfer  functions  of  the  single 
filters.  This  representation  of  the  filters  demonstrates  their  clutter  suppression  pro¬ 
perty: 

All  single  weighting  functions  have  a  high  attenuation  for  frequendea  with  a  high 
clutter  spectral  density  and  have  fchslr  passbands  for  their  respective  doppler  frequen¬ 
cies.  Because  of  the  finite  length  n  of  the  weighting  functions,  all  filters  have  aide- 
lobes  in  tbs  spectral  range  of  the  noise.  In  our  example  we  have  chosen  n  -  15. 

tome  remark*  to  ovr  clutter  model: 

Xn  contrast  to  cur  assumption  there  are  aometimes  predominating  single  fixed  point 
targets.  But  their  signal*  hava  a  spectral  density  equal  to  that  of  clutter  areas  and 
axe  therefore  suppressed  as  well. 

The  clutter  scatter ers  are  distributed  non-uniforaly  in  apace.  Therefore  the  clut¬ 
ter  signals  are  non-stationary.  If  tha  false  aim  probability  a  shall  be  constant,  it  in 
necessary  to  estimate  the  clutter  power  and  to  control  correspondingly  the  detection 
threshold. 

5.  EXPERIMENTAL  SYSTEM  TOR  THE  DETECTION  OF  TARGETS  IK  FIXED  CLOTTER 

Me  developed  an  experimental  model  for  the  realisation  of  the  test  function  des¬ 
cribed  above.  This  systam  combines  analog  and  digital  techniques  to  achieve  an  economic , 
flexible  and  reliable  solution.  Fig.  11  stows  the  block  diagram  of  the  system.  Tha  XF 
signal  la  converted  into  the  orthogonal  components  x  and  y.  These  are  sampled  with  1  MBs 
sample  rate  and  converted  into  digital  form  by  tha  two  ADCs.  The  ADC  has  8-bit  resolution. 
The  delay  of  the  x  and  y-cemponents  is  realised  by  a  core  memory.  Each  of  the  1760  rang* 
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elements  is  related  to  a  memory  address.  The  shifting  operation  with  14  delay  steps  for 
the  echoes  or  one  range  element  takes  place  within  one  memory  word.  After  delaying  the 
signals  are  converted  back  into  the  analog  form  and  weighted  with  a  resistcr-netwcrk. 
The  output  of  the  summing  network  is  compared  with  the  detection  threshold.  One  weigh¬ 
ting  network  is  working  for  all  range  elements  in  real  time.  The  boards  with  the 
weighting  networks  forming  the  filter  bank  can  be  easily  changed.  Thus  the  system  may 
be  adapted  to  different  radars.  The  system  offers  the  opportunity  to  measure  the 
doppiar  frequency  of  targets.  Fig.  12  shows  a  front  view  of  the  system.  The  left  side 
contains  the  core  memory  with  1  tin  cycle  time,  1760  addresses  and  a  word  length  of  250 
bits.  right  side  contains  the  gain  controlled  IF  amplifier,  ADCs,  DACs,  the  weigh¬ 
ting  network  and  seme  logics  for  the  time  control  of  the  whole  system. 

6.  IMPKOVKHEHT  OF  THE  SIGNAL-TO-CUJTTER  RATIO 

A  recommended  performance  measure  for  MT2-syst«ms  is  the  Improvement  factor  Z 
for  the  slgnal-to-cluttar  ratio  S/C. 

For  a  conventional  KTI  the  improvement  factor  I  is  about  20  -  25  dB  for  a  doppler 
frequency  equal  to  the  half  prf .  For  other  doppler  frequencies  I  has  lower  values. 

TLe  improvement  factor  of  an  optimal  test  function  depends  on  the  power  spectrum 
of  the  clutter.  If  the  power  spectrum  of  fixed  clutter  is  normalized  to  one  at  zero 
doppler  frequency,  the  power  density  of  the  "clutter  noise",  caused  by  radar  instabili¬ 
ties,  is  r.  The  possible  improvement  for  the  8/C  ratio  is  then  about  r”1.  The  resolution 
of  the  analog-to-digital  conversion  has  to  be  chosen  adequately  to  the  clutter  noise, 
to  have  no  significant  noise  contribution  by  quantisation. 

For  a  first  test  we  combined  our  system  with  a  magnetron  radar.  Fig.  14  shews  a 
PPI  picture  o£  the  output  signal  of  the  detection  system  with  clutter  suppression  for 
several  revolution.  There  are  some  aircraft  tracks  and  soma  falsa  alarms  by  clutter. 

With  unchanged  sensitivities  but  with  clutter  signals,  realized  with  an  additional  fil¬ 
ter  for  zero  doppler  frequency,  the  following  picture  was  made  (fig.  15). 

7.  ADAPTIVE  CLUTTER  SUPPRESSION 

If  the  correlation  of  the  clutter  is  varying  with  time,  an  adaptive  clutter 
suppression  is  desirable.  In  this  case  the  filter  system  should  be  devided  into  an 
adaptive  pre-whitening  filter  and  a  constant  doppler  filter  bank. 

The  problem  is  to  find  a  weighting  function  for  the  suppression  of  the  clutter 


signals. 
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We  actuate  that  the  clutter  correlation  haa  been  estimated  by  a  real  time  corre¬ 
lator.  Then  we  can  deri%  ;  an  estimation  function  to  predict  the  actual  signal  out  of 

thu  signals  x__  _  _ -  The  series  of  differences  u  better,  ths  predicted  signal 

o  n~i 

St  and  the  actual  signal  x_  is  then  uncorrelated  and  therefore  contains  no  clutter 
n  n 

signals,  if  n  is  great  enough  and  we  use  the  correlation  in  an  optimal  manner. 

An  optimal  procedure  for  the  prediction  of  xn  may  be  derived  with  the  principle 
of  maximum  likelihood  estimation: 

We  liave  to  formulate  the  joint  probability  distribution  density  for  the  set 

r.^ ..x_,  substitute  the  received  signals  x„. . . x _ ,  and  choose  to  maximize  the  probo- 

o  n'  3  o  n-i  n 

bility  density.  For  normally  distributed  signals  the  result  is  equivalent  to  the  Wiener- 
filter.  The  weighting  function  for  getting  the  difference  signal  u  out  of  the  signals 
xo*  *  * *n  Pr°P°r^ional  to  the  first  column  of  the  matrix  K~?'  of  rank  n.  This  function 

i*  the  desired  weighting  function  for  clucter  suppression. K-1  is  the  inverse  of  the 
correlation  matrix  X.  It  is  possible  to  compute  the  first  column  of  the  matrix  K  *  by 
a  sixple  iterative  algorithm  /5/.  Therefore  the  complicated  inversion  of  the  correlation 
matrix  is  avoided.  Fig.  1?  shows  as  an  example  the  spectrum  of  weather  clutter  without 
and  with  a  clutter  suppression  filter  of  length  n  >*  15.  The  power  spectral  density  at 
the  output  of  the  clutter  filter  is  nearly  constant  or  white.  The  accuracy  of  the 
whitening  of  the  clutterspectrum  depends  of  course  on  the  length  n  of  the  weighting 
function. 

So  it  seats  possible  to  realize  an  adaptive  clutter  suppression  filter,  consisting 
of  a  correlation  estimator,  an  arithmetic  unit  and  a  weighting  fi'.ter.  The  implementation 
within  our  detection  systoa  is  prepared  and  we  look  forward  to  the  various  investigations. 
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Fig. 1  Representation  of  radnrsignals 


Fig. 2  Signal  model  for  moving  target 


Fig.  8  Likelihood  ratio  test  : 

X  (z)  =  ^  for  Hl 

Po(z) 

Pi  (z)  =  £u  { Pi  (z/w) } 

z  s  set  of  received  signals 
a)  =  parameter  of  target  signal 


Fig.  9  Test  function  for  detection  of  signal  sj 
in  correlated  normal  noise  : 

X,  (  z  )  exp  (z*  K-1  s,- )  =  exp  (z*  h,* )  =  exp  (y,*) 

z  -  (x-j...  xn  y-j ... yn  ) 

Sj  "  (ai^...a{n  bir..b{n ) 

K  =  correlation  matrix 


Fig.  10  Test  function  for  M  different  doppler  signals  : 

1  M 

X  (z)  -  —  I  exp  (yf )  S  1} 

M  i  =1 

Alternative  : 

max  (yi )  >  7]*) 

1  <  i  <  M 

Small  signal  approach  : 

I  Vi  ^  Tj2 

i  =  1 


M 


Fig.  H  Filterfunctiotis  of  the  filterbani: 
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Fig. 12  Doppler- f ilte.-systcm 


Weighting  filttr  for  clutter  suppression 
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DIGITAL  SIGNAL  PROCESSING  FOR  RANGE-GATED 
t'ULSs,  DOt'PL.ER  RADARS 


B.  Gold  and  C.  E.  Muehn 
M.I.T.  LINCOLN  LABORATORY* 
Lexington,  Massachusetts,  U.S.  A. 


SUMMARY 

For  many  applications,  digital  signal  processing  can  increase  the  effectiveness  of  range-gated  pulse 
doppler  radars.  When  many  doppler  filters  are  desired  for  each  range  gate,  the  fast  Fourier  transform 
algorithm  is  more  efficient  than  digital  filtering.  In  this  paper,  digital  processing  methods  are  briefly 
reviewed  and  the  signal  processing  requirements  are  established  in  terms  of  the  radar  parameters. 
Equivalence  relations  are  established  between  the  fast  Fourier  transi'orn  s  and  a  bank  of  velocity  filters. 
Finally,  the  structure  of  a  general  purpose  radar  digital  signal  precessor  is  described  which  should  be 
applicable  to  a  variety  of  range-gated  pulse  doppler  systems. 

I.  INTRODUCTION. 

In  most  cases  the  effectiveness  of  a  range-gated  pulse  doppler  rada.  is  limited  by  its  signal  process¬ 
ing  capabilities.  The  gradual  introduction  of  digital  signal  processing  techniques  over  the  last  few  years1*3 
is  a  result  of  the  general  recognition  of  the  superiority  of  digital  techniques  over  analog.  Digital  process¬ 
ing  offers  filtering  free  of  the  usual  analog  errors  due  to  zero  drifts,  r.on-linearities,  stray  capacities, 
and  component  tolerances.  It  offers  exact  reproducibility  from  gate-to-gate  with  no  adjustments  to  make. 
The  only  noise  introduced  is  quantization  noise.  This  noise  can  be  reduced  and  the  dynamic  range  can  be 
increased  in  most  cases  by  increasing  the  number  of  bits  used.  The  output  is  in  digital  form  for  easy 
transmission. 

Finally,  where  a  large  number  of  range  gates  arc  to  be  processed,  digital  processing  has  a  cost 
advantage  over  analog.  The  cost  of  analog  filters  varies  linearly  with  the  number  used,  costing  about 
$10  a  pole.  Because  a  single  arithmetic  unit  oi  a  digital  processor  can  provide  filtering  for  a  large  number 
of  gates,  although  the  cost  for  piocessing  a  single  gate  is  large,  added  gates  require  only  the  addition  of 
more  memory  and  therefore  come  cheaply.  The  crossover  point  for  simple  filters  (say  5  poles)  is  several 
hundred  gates.  For  more  complicated  filters  it  is  usually  more  economical  to  use  digital  filters  when 
more  than  about  100  gates  are  to  be  processed. 

II.  DIGITAL  PROCESSING  METHODS. 

Two  major  processing  schemes  have  been  or  are  being  implemented  using  digital  ;  <  chniques.  The 
first  scheme  synthesizes  high-pass  filters  by  us  the  digital  equivalent  of  delay  lines.  To  produce  high- 

pass  filters  these  digital  filters  incorporate  feed  rward  connections  to  produce  zeros  and  feed-back  to 

produce  poles.  The  second  scheme  makes  use  c. .  the  discrete  Fourier  transform  (DFT)  to  digitally  svn- 
thesize  the  equivalent  of  a  bank  of  identical  equally  spaced  filters. 

The  DFT  provides  one  more  dimension  to  radar  target  filtering.  The  others  are  range,  azimuth, 
and  e’evstion.  This  extra  dimension  allows  cne  to  eliminate  (by  blanking)  large  fixed  targets  (discretes) 
of  known  location.  It  allows  for  the  reduction  or  elimination  of  moving  clutter  sue!:  as  rain  which  is  at  a 
different  velocity  than  ground  clutter  so  is  not  eliminated  by  the  digital  high-pass  filter  approach.  Finally, 
this  separate  filtering  dimension  allows  a  thresholding  scheme  to  be  employed  wherein  the  clutter  spectrum 
can  be  estimated  from  the  DFT  outputs.  This  estimate  would  be  based  on  returns  from  the  range  cell  being 
examined  for  a  target  ar.d  would  not  rely  on  the  magnitude  of  the  clutter  lrom  other  range  cells. 

The  DFT  coherently  integrates  the  signal  over  the  time  it  takes  to  collect  ail  the  samples.  The  digi¬ 
tal  high-pass  filter  must  be  satisfied  with  non-coherent  integration  over  this  same  period  resulting  in 
some  signnl-to-noise  or  signal-to-clutter  advantage  for  the  DFT  when  the  target  energy  falls  principally 
in  one  output  of  the  DFT. 

In  the  case  of  airborne  radar,  the  use  of  the  DFT  obviates  the  need  for  changing  the  cut-off  frequency 
of  the  high-pass  filter  ur  the  antenna  azimuth  is  changed,  or  of  changing  the  loca,  oscillator  frequency  to 
center  the  main-beam  clutter  return  in  the  center  of  the  high-pass  filter.  Instead,  the  DFT  outputs  con¬ 
taining  main-beam  clutter  are  either  ignored  or  desensitized  as  far  as  thresholding  is  concerned.  This 
technique  is  particularly  applicable  to  tactical  radars  which  are  interested  in  close-in  targets  as  well  as 
distant  ones.  Because  of  the  differences  in  depression  angle  (and  consequently  main-beam  doppler  fre¬ 
quency)  the  local  oscillator  cannot  be  adjusted  simply  when  ->ne  wants  to  examine  all  target  ranges. 

Because  the  DFT  gives  a  radial  velocity  sorting  using  two  prf's.  a  partial  sorting  of  ground  targets 
from  airborne  targets  can  be  effected.  Of  course  a  better  method  would  be  to  observe  motion  on  .=*  scan- 
to-scan  basis  tc  sort  according  to  speed  rather  than  velocity,  but  this  may  require  a  larger  computer 
capacity  to  handle  all  the  targets. 

The  digital  high-pass  filter  is  a  natural  substitute  for  the  analog  delay  lines  previously  used.  A 
digital  shift  register,  usually  using  MOS  memory  elements,  replaces  the  analog  delay  lines.  The  feed¬ 
forward  and  feed-back  coefficients  are  usually  chosen  to  be  a  positive  or  negative  integral  power  of  two 
or  else  the  sum  of  two  such  coefficients.  These  are  then  implemented  with  simple  shifting  and  adding 
operation*  which  are  hard  wired. 
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Vhe  DFT.  on  the  other  hand,  uses  a  large  core  memory  which,  at  the  present  time,  is  cheaper 
per  bit  than  the  MOs>  memory.  It  generally  uses  one  or  several  array  multipliers  to  sequentially  process 
batches  of  data  from  various  -angc  cells  using  a  fast  Fourier  transform  (FFT)  algorithm.  Since  the  de¬ 
signs  of  the  two  types  of  processors  are  entirely  different,  one  cannot  make  a  general  statement  as  to 
which  is  cheaper,  in  many  cases,  considering  the  advantages  listed  above,  it  is  worth  some  added  ex¬ 
pense  to  employ  the  DFT  appioach.  Where  a  large  amount  of  memory  is  involved  the  JFT  approach  may 
be  less  expensive.  Both  approaches  involve  about  the  same  complexity. 

Ill  SIGNAL  PROCESSING  REQUIREMENTS. 

Let  M  be  the  number  of  required  range  gates,  f^  the  highest  doppler  frequency  to  be  measured  and 
Af  the  doppler  resolution.  Then,  the  sampling  rate  fs  must  be  at  least  twice  f<i  for  unambiguous  deter¬ 
mination  of  velocity.  If  tt  is  not  possible  to  achieve  this  sufficiently  high  value  of  fs.  other  techniques 
(not  discussed  in  this  paper)  must  be  used  tc  resolve  doppler  ambiguity,  in  performing  spectrum  analy¬ 
sis.  the  total  number  of  frequency  points  is  then  Zfj/Af.  The  total  memory  requirements  are  2Mf^/Af 
registers  (or  twice  that  number  if  quadrature  detection  is  assumed).  There  will  be  M(Af)  spectrum 
analyses  performed  every  second. 

Figure  1  shows  a  range-gated  pulse  doppler  block  diagram.  All  blocks  right  of  the  dashed  line  rep¬ 
resent  digital  hardware.  Typically,  the  operation  of  this  hardware  would  be  equivalent  to  many  banks  of 
doppler  filters,  each  bank  receiving  information  from  a  specific  region  of  space,  as  indicated  in  Figure  2. 
The  plan  of  this  paper  is,  first,  to  relate  the  signal  processing  requirements  to  the  range  and  doppler 
specifications.  Next,  some  theoretical  questions  are  treated  which  arise  when  the  fast  Fourier  transform 
is  used  to  perform  the  doppler  filtering.  Finally,  a  block  diaeram  of  general  purpose  signal  processing 
hardware  wall  be  proposed  for  performing  range-doppler  filtering  lor  a  variety  of  differing  requirements. 
If  such  a  proposal  were  to  prove  feasible,  it  would  ultimately  be  pc*_'-ble  to  buy  (rather  than  spend  several 
years  building)  the  requisite  digital  processing  hardware  for  a  given  runge-doppler  radar. 

Digital  processing  techniques  need  not  be  restricted  to  spectrum  analysis  to  perform  the  doppler 
filtering.  Instead,  digital  filters  may  be  used.  The  trade-off  depends  primarily  on  the  l.umber  of  doppler 
fitters  desired  per  range  gate;  a  large  number  implies  that  spectrum  analysis  is  more  efficient.  In  this 
paper,  v/e  restrict  ourselves  to  the  spectrum  analysis  approach,  although  the  general  purpose  hardware 
described  in  the  latter  part  of  this  paper  could  be  programmed  to  perform  either  recursive  or  non- 
recursivc  doppler  filtering. 

Referring  to  Figure  1,  we  assume  that  the  M  range  gates  chosen  by  the  operator  are  one  of  many 
possible  sets  that  he  could  have  chosen.  Thus,  the  data  rate  from  the  A/D  co'-verter  is  higher  than  the 
date  rate  into  the  main  memory.  The  preprocessor  and  high  speed  buffer  is  needed  »o  scale  down  the 
data  rate  and.  ie  necessary,  to  perform  predetecticn  integration  and/or  waveform  decoding. 

The  type  of  main  memory  used  depends  mainly  on  the  required  storage  size.  If  vhis  size  should 
be  less  than  .  S  to  I  megabits  of  memory,  it  would  be  most  economical  to  use  a  commercial  general 
purpose  computer  which  coutd  then  be  used  as  well  for  overall  systems  control,  decision  making  and 
display.  I:  the  memory  size  is  1-10  megabits,  a  so  called  "window  screen"  memory  (2  wires  per  core, 
rather  than  3  or  4)  may  be  used  but  beyond  this  a  drum  or  a  disc  memory  may  prove  most  economical. 
Such  a  memory  (the  circulating  type)  is  feasible  because  of  the  repetitive  nature  of  the  algorithms. 

At  this  point,  it  seems  logical  to  estimate  speed  and  memory  requirements  of  the  signal  process¬ 
ing  hardware.  Since  such  results  depend  greatly  on  the  properties  of  the  fast  Fourier  transform  al¬ 
gorithm.  we  will  di-ert  our  path  to  describe  this  algorithm,  explain  the  theoretical  filtering  effects  of 
the  discrete  Fourier  transform,  and  then  return  to  the  hardware  considerations. 

IV.  THE  FAST  FOURIER  TRANSFORM  AS  A  BANK  OF  SIGNAL  DETECTORS. 

The  discrete  Fourier  transform  (DFT)  of  a  sequence  of  numbers  x(r.)  is 


N-l  . 

X(k)  =  £  x(n)W"n* 

n=0 

where  W  =  exp  . -j2 *  /N).  In  general  x(n)  is  a  complex  number  To  compute  N  values  of  X(k)  requires 
N^  complex  multiplications  and  addition*. 

The  fast  Fourier  transform  f  FFT)  refers  to  a  set  of  algorithms  for  more  rupid  computation  of  the 
DFT.  The  most  well  known  is  the  so  called  radix  2  algorithm  which  commutes  the  FFT  by  repetitive 
computation  c-I  a  "butterfly",  defined  as: 

u  (m  +  1)  =  u  (m)  +  W^v  (m) 
v  (m  +  1)  v  u  (m)  -  W^v  (mi 

where  u  (ml  and  v  (m)  arc  complex  numbers  and  l  is  an  integer  which  varies  with  m.  It  is  necessary 
to  perfjrm  N/2  log>  N  of  these  butterflies  to  compute,  the  FFT,  ob*aining  all  N  values  ' '  X(k). 

In  this  section  we  wiil  discuas  the  relations  betwet.  ''FT,  the  filter  banks  cf  Figure  2  and 
signal  detection.  The  detection  problem  is  illustiated  in  Figure  3,  which  shows  the  spectrum  of  ft 
moving  target  in  a  large  clutter  background.  The  :,correst  ’  filtering  procedure  is  pre-whitening  of  the 
clutter  spectrum  followed  by  a  filter  matched  to  the  resultant  pre-whitened  targe!  spectrum,  followed 
by  detect 'ott  (see  Figure  4i  and  integration  for  as  long  a  time  as  the  target  remains  in  the  range  gate. 
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It  does  not  appear  to  be  possible,  with  a  Df  T,  to  obtain  the  result  indicated  in  Figure  4  if  the  input 
samples  are  contiguous,  it  is  possible,  however,  to  imagine  the  input  appearing  in  bursts,  as  shawm  in 
Figure  5a.  With  this  model  we  can  now  show  how  to  perform  matched  filtering  via  the  DFT.  For  sim- 
olicitv  we  have  set  the  on  and  off  times  and  the  impulse  response  duration  of  tne  filter  equal.  (If  the 
filter  is  recursive,  with  an  infinitely  long  impulse  response,  it  is  immediately  apparent  that  the  filter 
bank  cannot  be  realized  via  DFT.  )  Now,  the  product  of  the  DF-T's  of  the  augmented  signals  shown  in 
Figure  h  is  indeed  the  DFT  of  y  (n)  of  Figures  4  and  5.  Thus,  the  set  of  Y  (k)  of  Figure  6  is  the  DFT  of 
y  (n)  and  Parseval's  theorm  yields, 

N -  1  ,  N  -  1 

V  I  y  (n)  j  ,  £ 

n  =  0  •  '  k  =■  0 

In  practice,  a  given  velocity  filter  covers  a  range  of  frequencies  narrow  compared  to  the  total  DFT 
spectral  range.  Thus,  H  (k(  would  be  zero  for  most  values  of  k.  For  a  given  doppier  filter  with  H  (k) 
the  (augmsnted)  DFT  of  h  (n),  the  computation  corresponding  to  q  (L)  in  Figure  4  is. 

q  <u>  =  T.  I  H  (k)  X  (k)  Y' 

K  '  ' 

where  K  refers  to  the  range  of  non-zero  H  (k)'s. 

It  is  usually  true  that  the  response  to  a  burst, as  show’n  in  Figure  5.  is  more  useful  after  transients 
caused  by  switching  the  signal  on  and  off  have  died  down.  For  this  reason,  it  may  be  desirable  to  weigh* 
the  data.  In  effect,  this  weighting  moaifies  the  matched  filter  of  Figure  4  so  that  the  transient  portion  of 
q  (n)  (beginning  and  end)  have  the  least  effect  on  the  subsequent  measurements.  Two  ways  of  weighting  arc; 

(a)  the  augmented  x  (n)  is  multiplied  by  the  weighting  function  w  (n)  prior  to  DFT  or  (b)  the  set  of  X  Ik',  is 
convolved  with  W  (k)  (the  DFT  of  '»  (r.)  ). 

V.  GENERAL  PURPOSE  DIGITAL  RADAS.  SIGNAL  PROCESSOR. 

The  parameters  for  an  air  traffic  control  radar,  a  weather  measurement  radar  and  a  ground  mapping 
radar  are  very  different  and  each  system  will  require  unique  operations  in  addition  to  the  common  function 
of  range-gated  pulse  doppler.  For  this  reason,  it  is  useful  to  develop  a  computer  architecture  which  ran 
be  applied  to  a  variety  of  radar  signal  processing  systems  and  which  is  of  sufficient  generality  to  be 
adapted  to  the  peculiarities  of  individual  radars.  The  remainder  of  this  paper,  represents  a  preliminary 
attempt  to  develop  such  an  architecture.  Figure  1  shows  the  overall  radai  system  for  which  this  a-chitec- 
ture  is  to  be  developed.  In  this  paper  we  will  not  discuss  signal  design  problems  (such  as  chirp  waveforms. 
Barker  codes,  etc. )  but  will  assume  that  the  preprocessor  receives  in-phase  and  quadrature  signals  which 
are  sampled  for  inclusion  into  the  range  bins  chosen  by  the  processor  program.  Thus,  samples  for  suc¬ 
cessive  range  bins  can  be  made  to  enter  the  main  memory  at  a  uniform  rate  and.  indeed,  can  be  sent  to  the 
processor  via  the  memory  at  the  same  uniform  rate.  In  what  follows,  we  restrict  our  discussion  to  the 
flow  of  data  into  and  out  of  the  main  n.emory  and  into  and  out  of  the  processor.  A  timing  picture  which 
fulfills  the  real  time  requirements  is  shown  in  Figure  7. 

During  the  "Enter"  phase. 

(a)  The  pre-processor  feeds  samples  from  contiguous  range  gates  into  the  main  memory. 

(b)  The  main  memory  feeds  successive  samples  from  a  given  range  gate  in  the  main  memory  to  set 
up  the  processor  data  base. 

(c)  The  main  memory  alto  sends  results  of  past  processing  on  the  same  range  gate  to  the  processor 
to  be  used  for  post-detection  integration  and  thresholding. 

During  the  "Do"  phase  the  processor  performs  filtering  and  detection  on  a  single  range  gate.  These 
operations  may  include. 

(a)  Weighting  the  data. 

(b>  Discrete  Fourier  tranr  form. 

(c)  Recursive  or  non-^ece  .‘sive  digital  filtering. 

(d)  Matched  filtering  via  the  FFT. 

(e)  Post-detection  integration 

(f)  Centroid  measurements  on  the  FFT  to  estimate  frequency. 

(g)  Thresholding  for  yes  /no  decisions  on  targets. 

The  return  phase  consists  of  the  return  of  all  necessary  post -detection,  threshold  and  display  in¬ 
formation  for  storage  by  the  main  memory  until  the  next  turn  of  the  just  processed  range  gate  information. 

In  order  to  perform  these  tasks  in  real  time,  *he  3  phases  must  be  overlapped  as  shown  in  Figure  7. 

In  the  present  concept,  control  resides  exclusively  in  the  processor  and  it  is  only  the  processor  which 
physically  consists  of  high  speed  circuits  capable  of  both  processing  and  controlling  the  addressing  of  the 
main  memory.  Before  describing  the  processor-  main  memory  complex  in  more  detail,  let  us  describe  an 
addressing  algorithm  which  allows  for  the  unimpeded  flow  of  contiguous  range  data  from  the  pro-processor 
to  the  main  memory  and  (simultaneously)  the  flow  of  data  from  a  single  range  gate  in  the  main  memory 
to  the  processor  for  the  DFT.  This  can  be  accomplished  by  an  addressing  scheme  illustrated  in  Figure  8 
for  the  case  of  a  5  point  DFT  and  7  range  gates.  After  the  memor,  is  filled  by  storing  incoming  samples 
sequentially  (column  1)  the  address  is  then  incremented  by  7  (modulo  34)  in  column  Z.  For  each  new  add¬ 
ress  a  main  memory  word  is  first  transferred  to  the  processor  and  then  that  vacant  location  is  filled  by 
the  incoming  datum  from  the  pre-.-rocessor.  If  M  is  the  number  of  range  gates  and  N  the  length  of  a  DFT. 
then  the  addressing  sequence  obeyj  the  rule. 
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A  ik  i  -  A  |k  -  1)  i  Mn 
u  r. 

Where  both  the  addition  anti  the  term  Mn  arc  understood  to  be  taken  modulo  (MN-l)  and  n  rulers  to 
the  nth  iteration  through  the  entire  m.entcrv  <a  single  column  tn  Figure  8). 

VI.  MORE  DETAILS  OF  THE  PROCESSOR  AND  MAIN  MEMORY. 

figure  "  shows  a  structural  diagram  of  the  processor  and  intermediate  memory.  Since,  in  general, 
this  memory  will  be  ’arge  and  does  not  have  unduly  high  speed  requirements,  we  can  imagine  it  to  be  a 
core  memory.  The  memory  and  arithmetic  associated  with  the  processor  w;  imagine  to  consist  of  the 
fastest  commercially  available  circuits.  Since  processing  speed  is  a  prime  consideration,  the  computer 
has  certain  structural  features  for  greater  speed.  These  are' 


(a)  Separate  program  and  data  memories  so  that  instruction  fetch  and  data  fetch  take  place  in 
parallel. 

lb)  Overlap  of  data  memory  and  arithmetic  operations. 

(c)  An  arithmetic  element  especially  designed  for  high  speed  signal  processing,  in  particular  the 
FFT. 

(d)  Double  length  words  so  that  two  operations  can  be  performed  in  parallel. 

(e)  Double  instructions  performed  simultaneously. 

The  details  of  the  large  FFT  array  are  shown  in  Figure  10.  Maximum  3peed  and  minimum  control 
of  the  butterfly  algorithm  is  obtained  at  the  cost  of  added  hardware  by  making  the  art  ly  box  purely  com¬ 
binational.  Using  emitter  coupled  logic  gates  and  similar  full  adder  integrated  circu  ‘  /ackages  results 
in  an  array  speed  of  about  200  nsec.  Processor  memory  cycle  time  is  about  100  nsec.  Thus,  the  timing 
diagram  of  Figure  1 1  where  the  array  propagation  time  is  taken  to  be  twice  the  memory  time,  shows  how 
a  butterfly  is  accomplished  in  the  time  to  perform  two  reads  and  two  writes.  For  such  a  memory  and  for 
a  4  multiplier  array,  the  structure  does  an  FFT  butterfly  in  minimum  time  (about  400  nsecs.  ) 

When  the  array  is  not  used  to  do  a  butterfly,  it  can  be  controlled  to  perform  two  simultaneous  mul¬ 
tiplications.  This  means  that  the  weighting  operation  is  very  efficient,  as  is  the  matched  filtering.  The 
preliminary  order  code  we  have  devised  (figure  12)  allows  completely  general  purpose  programming. 

The  F  register,  which  communicates  between  program  and  dau  memory  is  also  used  to  adaress  the  inter¬ 
mediate  memory  and  the  input -output  instruction  initiates  the  ir.  ermediate  memory  read  or  write  pulse. 

Vlf,  PERFORMANCE  OF  SIGNAL  PROCESSOR. 

The  time  to  do  a  butterfly  is  the  basic  figure  of  merit  of  the  radar  signal  processor.  This  time  can 
be  translated  into  the  maximum  allowable  number  of  range  gates  which  can  be  processed  in  real  time, 
given  the  sampling  rate  and  the  size  of  the  FFT.  For  simplicity,  let  us  assume  that  if  the  processing 
time  of  a  butterfly  is  400  nsec.,  then  the  expanded  t.me  due  to  other  operations  for  a  typical  radar  is 
1  microsecond,  lining  this  number.  Table  I  shows  how  many  FFT'c  (in  round  numbers)  per  second  can 
be  processed  for  various  FFT  sizes. 


FFT  Length 

16 

32 

64 

128 

256 


FFT'c  Per  Second 

31,  CO0 
12,000 
5,200 
2,  200 
1,000 


We  have  thus  demonstrated  that  it  is  possible  to  build  digital  signal  processing  equipment  for  range¬ 
gated  pulse  doppler  radar',  with  capability  of  measuring  velocity  or  detecting  moving  targets  ir.  hundreds 
or  thousands  of  gates.  Such  a  capability  is  not  economically  feasible  using  analog  signal  processing. 
Furthermore,  the  structure  we  have  defined,  since  it  is  general  purpose,  could  be  used  with  slight  changes 
for  different  radar  systems. 
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Figure  7.  Overall  Timing  Diagram  of  the  Radar  Signal  Processing 
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Figure  1 1.  Timing  of  Executed  Instructions  Needed  to  Perform  an  Efficient  Hutterfly 
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Tentative  Partial  Instruction  List  for  Structure  of  Fig.  10 
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suwsahy 

This  paper  has  been  prepared  to.  present  a  broad  overview  of  data  processing  considerations  for 
advanced  phased  array  radars.-  Data  representing  radar  processing  experience  of  the  last  decade  has  been 
collected  free  a  number  of  organizations  engaged  in  radar  design  and  ocp. outer  programming.  TMe  data  has 
been  correlated  with  industrial  experience  obtained  free  other  data  processing  applications.  The  necessary 
growth  of  radar  data  processing  is  traced  together  with  the  consequences  of  this  growth.  Example*  of 
particular  solutions  to  data  processing  problems  are  cited  to  demonstrate  how  technology  has  changed. 

Residual  problems  ore  evaluated  and  seme  possible  uolutione  are  discussed. 

1.  -  INTRODUCTION 

During  the  past  decade,  phased-array  radars  have  increased  in  cccplexity  because  of  the  increased 
requirements  of  radar  applications  in  defense  and  air  traffic  control.  These  p.iased-array  radars  have 
developed  from  simple  fan  beam  radars  to  high- resolution  pencil-beam  radars.  Tht  operational  erodes  of 
these  radars  have  progressed,  from  simple  search  to  putoeatic  track  and  automatic  'cquis-'t'rn  in  adverse 
emrironmenta.  Today,  radars  are  programmed  in  an  adaptive  manner  so  that  their  prwer  and  measurement 
capability  are  used  efficiently  to  cope  with  varying  tracking,  environmental,  and  load  situations.  In 
addition,  extensive  signal  and  data  processing  is  now  used  to  extract  the  information  from  the  radar  returns. 
All  of  this  added  capability  has  increased  the  amount  of  digital  data -processing  equipment  built-  into  the 
radar,  the  size  and  speed  of  the  tracking  and  control  computers,  and  the  number  of  instructions  in  the  oper¬ 
ational  program. 

In  this  presentation  we  will  trace  the  growth  c-f  the  digital  equipment,  the  computers,  and  the  com¬ 
puter  program  and  show  the  effect  this  growth  has  had  on  the  co3t  and  complexity  of  radar  processing  systems. 
We  will  avio  show  Dow  technical  advances  in  digital  circuits,  integrated  circuits,  large  scale  integration, 
and  computer  design  have  made  processing  techniques  available  that  were  previously  either  not. technically 
possible  or  economically  feasible.  Older  processing  implementations  based  on  clever,  special-purpose  digital 
devices  are  being  discarded  for  more  complex  but  more-  cost-effective  designs.  The  results  of  advances  in  the 
characteristics  of  logical  elements,  circuits  and  processing  techniques  have  ncc  only  extended  radar  capa¬ 
bility  but  have  made  possible  these  extensions  without  an  accompanying  increase  in  hardware  cost.  During  the 
time  that  the  data  processing  requirements  have  increased,  the  processing  capability  available  per  dollar  has 
increased  at  a  greater  rate.  We  will  see  that  while  hardware  costs  have  remained  3 table,  tne  rising  costs  of 
designing,  writing,  testing  and  documenting  the  operational  computer  programs  has  now  b-eeme  significant.  Ve 
will  indicate  how  future  advances  in  such,  items  as  compilers  for  operational  programs  to  be  performed  on 
multiple  processors,  and  preprogramed  standard  operational  program  modules  should  tend  to  alleviate  this 
problem. 

2.  INCREASES  IN  DIGITAL  PROCESSING  WITHIN  THE  RADAR 

The  requirements  for  digital  processing  equipment  designed  into  the  radar  has  increased  by  a  factor 
greater  than  100  in  the  last  decada  (see  Figure  1)  due  to: 

o  Increased  phase  control  computations  within  the  radar. 

o  Increased  signal  processing  requirements. 

o  Increased  number  of  digital  implementations  of  signal  processing  formerly 
performed  by  analog  circuits. 

q  Increased  system  bandwidth  (range  resolution). 

o  Increased  buffering  of  the  radar  returns  to  permit  multiple  target  handling 
-capability. 

o  Close  control  of  the  radar  on  a  beam,  by  beam  basis. 

Figure  2  shows  how  this  increase  in  processing  requirements  has  resulted  in  a  corresponding  increase 
in  the  number  of  digital  elements  (flip-flops,  gates,  or  memory  cells)  in  the  radar  in  the  last  decade.  This 
amount  of  digital  equipment  is  contrasted  with  the  amount  of  similar  equipment  in  "small"  computers.  The 
particular  radars  used  to  establish  data  points  in  this  study  were  of  advanced  design  and  capability;  hence 
they  represent  extremes  in  complexity.  While  this  increase  in  complexity  has  continued  through  the  years, 
the  cost  of  logical  elements  has  decreased  by  a  factor  of  one  thousand.  ;It  should  be  noted  that  the  fastest 
flip-flops  are  not  available  at  the  lowest  price.)  The  result  has  been  a,  more  or  less,  constant  cost  of 
digital  hardware  in  the  radar  despite  the  inoreases  in  processing  and  control  capability.  The  cost  and  speed 
of  available  logical  elements  in  the  last  decade  are  contrasted  in  Figure  3, 

•To  take  advantage  of  the  cost  savings  permitted  by  medium  and  large-scale  integration,  it  was  neces¬ 
sary  to  abandon  earlier  design  concepts  that  stressed  clever  design  for  reducing  squipsent  costs  through 
minimizing  the  number  of  logical  elements  used  to  perform  specific  operations.  For  example,  some  time  ago, 
to  compute  the  phase  shifts  for  each  transmitting  element  using  the  incremental  phase  shifts  supplied  by  the 
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control  eoapr.er,  t  single  addor  was  used  repeatedly,  under  the  control  of  a  wired  pr^T#®.  The  phase-shift 
words  weri  held  ir.  a  core  memory  prior  to  gating  to  the  individual  phase  shifter  controls.  Th»  individual 
phase  shift  words  were  computed  in  approximately  1  millisecond,  limiting  tne  PRP  of  the  raiur.  Late.^-,  the 
phase  shift  computations  were  performed  in  e  number  of  adder's  and  the  phase  shift  words  wen  <-V-  ectiv  gated 
to  the  inJividual  phase  i.nfter  controls.  ho  core  memory  was  U3ed.  This  implementation  was  not  cniy  faster 
but  more  canonical  to  build.  Fixture  phase  shift  computers  may  be  implemented  with  an  adder  at  each  phase 
snif  element  and  tie  pha-e  shift  addendeai  will  bo  according,  to  the  .rows  and  columns  of  the, phase  .drift 
elements.  Counters  (performing  the  funct. on  of  adding)  at  each  element  controlled  ty  row  and  column  timing 
pulses  is  another  possible  future  implementation.  The  transition  from  the  earlier  solutions  tc  the  fixture 
implementations  is  dictated  solely  by  the  *  ronor-dcs  of  integrated  cl/  cults  and  medium-scale  integration. 

In  the  future,  each  Adder  and  control  driver  would  be  implemented  at  G  special  purpose  integrated  circuit 
for  each  transmit  element.  Even  though  tte  nussoer  of  logical  elertent*  to  da  the  specific  task  increased, 
the  cost  of  design  and  production  is  drastically  reduced. 

Signal  processing  for  pulse  compression,  clutter  processing,  and  other  data-extraction  operations 
have  previously  been  performed  by  analog  circuitry.  The  advantages  of  greater  processing  capability  (such 
as  non-linea  processing  and  digital  coding)  and  higher  reliability  (no  critical  adjustments)  inherent  with 
digital  processing  were  realized  long  before  the  economics  of  logical  elements  made  the  use  of  digit*!  irsple- 
mentations  competitive.  Logic  elements  are  now  available  with  transition  times  in  the  order  of  a  few  nano¬ 
seconds  ;  single-chip  shift  xegiitexc  and  other  nil  tip) e-eircuit  units  are  available  for  signal  processing 
digital  implementations.  Ultimately  digital  implementations  may  be  replaced  by  optical  and  acoustical  analog 
processing  methods  which  are  now  under  development. 

11  le  retum-dsta  buffer  (radar-computer  interface  equipasnt)  is  becoming  increasingly  important  as 
the  number  of  st«ilt>neous  tracks  increases.  The  buffer  net  only  prevents  overloading  the  computer  inter¬ 
face  during  peak  dats-retum  rate  loads,  but  also  serves  a3  the  data  distribution  device  to  gate  the  return 
data  to  the  appropriate  processor  or  memory  of  a  multi processor  control  and  tracking  computer  complex. 
Associative  processing  using  non-des  •.■•active  ferrltd  memory  elements  was  an  early  approach  for  this  applica¬ 
tion.  Correlation  processor  memories  .using  flip-flops  have  been  developed  for  this  application.  Write 
speeds  have  increased  by  a  factor  of  a  thousand  and  the  correlation  processing  time  have  reduced  by  a  factor 
of  one  hundred  in  these  devices  when  integrated  circuit  logic  devices  were  used  rather  than  ferzite  devices. 
This  implementation  also  reduced  the  power  requirement  and  eliminated  associated  heating  problem.  For  this 
type  of  application,  the  us.  of  flip-flops  as  memory  elements  have  become  sronasically  competitive  to  the  use 
of  non-destructive  ferrite  memory  elenents  or  to  thin  film  temories. 

3.  INCREASES  IN  THE  COMPUTER  REQUIREMENTS 

The  number  of  instructions  in  the  operational- program  that -controls  the  radar  and  processes  the  radar 
returns  has  increased  by  a  factor  of  one  hundred:  in  the  las',  decade.  In  addition,  the  number  of  instructions 
that  must  to  performed  for  each  radar  poise  transmission  and  for  each  return  has  increased  (in  one  case)  fx-sm 
about  25G  instructions  to  8,000  instructions.  The  pulse-repetition  frequencies  of  the  radars  are  dictated 
only.- by  range  requirements  and,  hence,  have  not. changed  through  the  years.  Use  result  is  that  computers  must 
perform  a  larger  number  of  instructions  per  second.  The  increased  .number  of  instructions  per  radar  cycle  is 

The  inclusion  or  programs  to  provide  adaptive  control  of  the  radar  power, 
signal  coding  and  processing  to  match  the  requirement  of  the  varying 
operational  environment.  -  - 

The  inclusion  of  autcmatic  track -correlation  that  is  necessary  for 
automatic  acquisition. 

Advanced  tracking  algorithms  that  'pexait-more  accurate  track  measurement, 
smoothing  and  extrapolation. 

the  operational  program  now  includes t 

Built  in  operational  test  programs. 

Computer  and  radar  maintenance  diagnostics. 

The  quantitative  result  or  these  increases  is  shown  in  Figure  *  where  the  number  of  instructions  per 
second  required  by  radar  systems  is  contrasted  with  the  available  craputer  speed.  The  phased- array  radare 
used  to  establish  data  points  for  this  comparison  were  all  large,  advanced  systems  and  hence  represent  ex¬ 
tremes  (as  previously  stated).  Figure  4  shows  the  number  of  instructions,  per  second  that  can  be  performed  by 
the  cost  advanced  computers  (years  correspond  to  dates  of  the  introduction  oi  computers  ar.d  to  the  dates  when 
required  in  radar  systems ),  Early  radar  systems  taxed  available  computers  capability;  for  this  reason, 
special-purpose  computers,  possessing  an  instruction  repertoire  designed  for  radar  operation,  were  used  to 
ceet  the  real  time  computational  requirements.  Since  then,  ample  computer  speed  has  become  available  and  the 
use  of  computers  not  specifically  designed  for  radar  operation  has  been  much  more  ccstreffective  for  satisfy¬ 
ing  the  majority  cf  the  data  processing  requirements  for  radar  control  and  tracking. 

The  above  discus-sion  does  not  mean  that  special-pujpose  devices  are .not  worthwhile  in  specific  appli¬ 
cations.  Special-purpose  coordinate  converters,  correlatisn  processors,  and  display-data  generators  have  all 
teen  found  to  to  cost  effective.  Each  application  of  these  devices,  used  'to  relieve  computer  load,  must  be 
cpMldered  on  iis  own  merit. 

Ih  Pigure^5.th«  curve  depicts  tire  computational  speed  or  capacity  available,- **a“erei*?e3  2  “n<1  ^ 
many  o  er  source.,)  The  units  of  the  ordinate  are  millions  of  instructions  perforated  par  second  (M1FS).  - 


aue  to: 


o 


In  addition, 
o 

o 
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Tile  computer  examples  chosen  represent  the  last  o',  t  computers  introduced  within  the  year  designated.  Sarlier 
nsachir.es>  aro  single  processor  while  later  ma.'hinas  are  parallel  processors.  The  higheat-apeert  machine  is  a 
newly  completed  computer  using  sixty-four  pa.  i..lel  processors.  The  increase  in  speed  in.  cated  in  *he  figure 
will  nrohablv  not  rr.ns^rinc  through  more  the*,  one  more  order  of  magnitude .  Physical  limitations  if  length  of 
wire,  propagatl.  t  time,  and  heat  dissipation  are  begii  ling  to  limit;  speed. 

The  cost  of  the  computer  can  be  discussed  in  tires  of  instructions  that  can  be  performed  per  pur¬ 
chase  or  rental  dollar  throughout  the  life  of  the  machine  of  system.  Figure  6  shows  the  results  (basic  data 
from  -eferenees  2  and  J  and  many  other  sources)  of  such  an  analysis  again  using  large  scale  computers,  .‘’he 
conclusion  is  obvious ;  the  instructions  performed  per  dollar  have  increased  dramatically  over  the  last  decade. 
Thir  increase  is  due  to: 

o  Lower  cost  logical  elessnts. 

o  Faster  logical  elements. 

o  Bette**  computer  desigj . 

It  ahoiud  be  emphasized  that  this  curve  is  for  the  largest  machines  only.  It  is  a  consequence  of  ^reach’s 
Law*  that  smaller  computers  (less  computational  capacity)  cannot  be  as  cost  effective  as  large  computers. 

For  comparison,  the  two  squares  shown  represent  examples  of  these  smaller  computers  recently  available,  -’a— 
cause  of  the  probable  limit  of  computer  speed(^),  die  trend  of  stable  computer  cost  in  spite  of  drastically 
increased  requirements  will  not  continue  unless  (as  it  is  hoped  and  believed)  the  r>dar  computational  re¬ 
quirements  trill  also  naturally  reach  a  limit. 

4.  COKHJTER  PBOGKAKONG 

We  have  already  seen  that  the  number  of  instructions  that  oust  be  performed  for  each  radar  trans¬ 
mission  has  increased  dramatically.  If  we  look  at  the  length  of  the  computer  program  that  must  be  written 
for  the  radar  computer,  we  would  naturally  expect  a  similar  increase  in  3ize.  We  find,  however,  that  the 
lumber  of  instructions  in  the  total  operating  program  has  increased  even  more-.  The  reason  for  this  excess 
is  that  the  radars  operate  in  a  number  of  alternate  modes  selectable  in  an  adaptive  manner  according  to 
environment;  each  one  of  these  modes  requires  a  separate  program  with  a  large  number  of  instructions.  In 
addition,  multimodal  tracking  algorithms  are  used  that  are  selectable  according  to  accuracy  and  smoothing 
desired  cn  individual  tracks.  Further,  the  number  of  test,  caintenance,  and  fault  isolation  programs  in¬ 
cluded  with  the  operational  programs  have  increased  because  they  are  needed  to  cope  with  the  increased 
radar  and  computer  complexity.  The  results  of  these  increases  arc  shown  in  Figure  7. 

In  the  previously  cited  increases  in  demands  cn  the  hardware  elements,  logical  element  and  computer 
technology  have  more  than  compensated  resulting  in  no  appreciable  cost  increases  in  system  production  costs. 
In  progr=riEg  there  are  no  comparable  compensating  factors.  In  fact,  the  cost  of  programming  per  instruc¬ 
tion  (including  anal. -sis,  coding,  key  punch,  assembly  and  documentation)  has  increased  by  almost  a  factor 
of  tea  in  the  la't  decade  as  shown  in  Figure  8.  The  reason  for  this  increase  not  all  in  the  increased 
salaries  of  the  p.xigranmtrs.  The  lower  line  represents  the  early  experience  in  cost  of  programming  per 
instruction.  Ifcte  that  the  squar-3,  shown  almoston  this  curve  represent  the  cost  per  instruction  (national 
average)  for  scientific  programing.  (5)  The  upper  line  represents  recent  experience  in  radar  operational 
programming.  The  slope  i3  the  same  but  fewer  instructions  are  written  per  month  per  person  due  to  increased 
documentation  (flow  diagrams,  operational  descriptions,  etc.)  and  increased  program  complexity  required  by 
the  user.  The  circles  represent  costs  that  are  being  experienced  by  various  programming  organizations.  The 
spread  is  more  a  function  of  the  variation  in  the  definition  of  what  is  included  in  prognuxring  rather  than 
proqracming  efficiency  or  salary  variation. 

The  trends  in  digital  equipment  costs,  computer  costs,  and  programing  costs  are  contrasted  in  Figure 
9.  Simply  stated  the  cost  of  digital  equipment  and  computers  is  more  or  less  stable.  The  coat  of  pro¬ 
gramming  is  becoming  the  dominant  factor  in  radar  control  and  track  processing.  In  a  recent  system  involving 
severe!  netted  radars  the  cost  of  programming  was  estimated  to  be  about  15  million  collars  while  the  cost  of 
the  computer  we 3  approximately  5  million  dollars.  The  national  experience  for  general-purpose  computer 
centers  indicates  a  similar  trend  in  that  equipment  costs  are  now  only  twenty- five  percent  01  operating  costs. 
A  direct  comparison  of  programming  costs  to  computer  costs  for  radar  systems  is  unfair  because  the  same  pro¬ 
gram  is  used  in  all  systems  of  the  same  types.  Thus,  if  ten  identical  systems  are  built,  the  cost  per  system 
for  programing  is  one-tenth  the  original  programing  costs,  if  no  site  program  adaptation  is  required.  But 
even  in  this  ease  the  programming  cost  per  system  has  become  significant. 

A  number  of  techniques  are  being  studied  to  help  reduce  the  cost  of  programming.  Compilers  specially 
designed  to  meet  the  needs  of  radar  data  processing  are  being  developed  to  reduce  operational  programming 
difficulty.  Such  compilers  should  also  simplify  the  documentation  problem.  Since  every  advanced  radar  per¬ 
forms  the  same  set  of  basic  operation,  pre-designed  modular  subprograms  are  being  considered.  These  modules 
wouli  be  designed  for  ease  if  understanding,  simple  module  interfacing,  simple  documentation  and  multisystem 
adaptability.  Clever  design  of  programs  that  are  very  efficient  because  of  the  exact  tailoring  to  the 
system  would  be  abandoned.  Computer  requirements  would  increase  w.d  programming  costs  would  go  down.  This 
may  be  the  most  cost  effective  solution  to  the  problem. 


‘Computer  power  is  proportional  to  the  square  cl  the  cost. 
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Figure  1  THE  AREAS  WITHIN  RADAR  WHERE  DIGITAL  PROCESSING  AND  CO:?TnOi  EQUIBEENT 
HAVE  INCREASED  SiCAUSE  OF  INCREASED  SYSTEM  CAPABILITY. 
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To  he  competitive  free,  a  cost/effectiveneas  star.dp<*  ir.t ,  it  is  essential  that  the  inherent  flexibili¬ 
ties  of  the  computer-con*  relied  Vu 1 1 ;- Turret  Tracking  radar  system  (M.T.T.!:.)  are  explo  ted  to  the  fullest 
possible  extent. 

The  purpose  of  the  present  paper  in  to  provide  an  introduction  to  the  study  of  a  suitable  operational 
control  of  full  or  partial  electronically-steered  radars. 

"Horizon”  and  "grazing"  search  modes  are  discussed  which  provide  the  minimum  search  time,  vhicb  leave 
the  least  possible  freedom  for  target  concealment  in  clutter  and  which  provide  a  maximum  of  time  left  for 
use  of  anti-clutter  measures  during  sub-horizon  searching. 

Design  curves  are  presented  relating  the  number  of  obtainable  beam  positions,  ir.  non-uoaptive  volume 
search  modes,  to  required  transmitter  peak  power  and  number*  of  hits  on  target. 

Design  curves  are  presented  relating  volume  search  tine  to  system  range  and  required  volume  coverage, 
and  taking  into  account  pulse  repetition  rate  adaptation  to  beam  elevation,  off-broadside  beam  videning  and 
adaptation  of  the  number  of  hits  to  beam  elevation  for  providing  a  constant  volumetric  detection  probability. 

A  constant  spntial  detection  probability,  optimum  ua*  of  the  time  and  power,  and  a  constant  tangential 
target  location  accuracy  can  be  achieved  by  the  use  of  an  " X n ver s ely-Proport i onal "  antenna,  of  vhich  both 
the  azimuth  and  elevation  beamvidths  are  inversely  proportional  to  range. 

The  importance  of  the  use  of  very  narrov  beams  is  stressed,  for  reasons  of  reducing  ground  illumina¬ 
tion,  improving  performance  against  clutter,  and  improving  target  tracking  performance. 

The  results  of  an  investigation  art  presented  into  optimum  phaaed-array  beam  separation. 

(2) 

for  the  evaluation/of  phaaed-array  detection  performance  a  "Radar  Beam  Disposition  Factor,  L.  "  is 
introduced.  Values  of  for  different  radar  operating  conditions  are  given. 

Design  curves  are  presented  enabling  selection  of  the  optimum  beam  separation  as  a  function  of  the  de¬ 
tectability  conditions. 

A  very  small  transmitter  power  is  shown  to  be  sufficient  for  the  type  of  system  operation  described. 
Interesting  system  construction  aepeets  may  arise  from  this. 

Several  of  the  argument*  given  apply  also  to  systems  having  phase-frsqusney  steering  or  using  on*-di- 
manslonal  Inertialess  steering  only. 

A  limited  discussion  is  included  concerning  adaptive  multi-target  tracking  procedure*. 
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1.  INTRODUCTION. 

Various  advanced  radar  systems,  vhich  use  full  or  partial  electronic  bean  steering  and  operate  under 
computer  control,  have  cone  to  be  feasible. 

For  this  second  generation  of  radar  systems  to  be  competitive  from  a  colt/effective  standpoint,  how¬ 
ever,  it  is  essential  that  their  inherent  flexibilities  be  exploited,  as  part  of  the  overall  systems  con¬ 
trol,  to  the  fullest  possible  extent. 

The  classic,  continuously-rotating,  search  radar  spreads  its  energy  indiscriminately  throughout  space 
and  generates  information  irrespective  of  the  momentary  needs.  This  not  only  results  in  the  proportion  of 
useful  Information  being  small  but  involves  both  vented  information  and  large  quantities  of  unwanted  data 
being  fed  to  the  signal  and  data  processing  system,  thereby  creating  enlarged  data  processing  requirements. 

The  flexibility  of  the  cosiputer-controlled  radar  can  be  exploited  in  respect  of  many  of  the  detection, 
data  extraction  and  tracking  functions.  The  combination  of  the  improvement  factors,  some  of  which  may  be 
small  in  themselves,  vill  lead  to  greatly  improved  performances. 

The  purpose  of  the  present  paper  is  to  provide  an  introduction  to  the  study  of  a  suitable  operational 
control  of  full  or  partial  electronically-steered  radars. 

To  dissociate  the  terminology  from  any  particular  system  design,  such  as  "phased  array"  and  "frequen¬ 
cy-scanned"  radar,  ve  have  introduced  the  term  "Multi-Target  Tracking  Radar",  or  "MTTR",  so  relating  the 
radar  to  its  principal  operational  function  and  at  the  same  time  indicating  that,  in  general,  selective 
target  tracking  only  is  sufficient. 

'Finally,  the  information  vhich  follows  investigates  the  possible  use  of  very  narrow  bt  w, 

2.  HORIZON  8EARCH. 

With  air-surveillance  radars  there  is  no  need  to  perform  a  full-volume  search.  It  is  sufficient  to 
carry  out  an  "Horiton  8earch"  over  a  large  atimuth  sector  but  with  limited  elevation  coverage,  followed  by 
the  .lectlve,  multi-target  tracking  of  targets  detected  by  the  horizon  rearch. 

For  example,  in  the  case  of  a  radar  with  a  detection  range  of,  say,  300  km,  an  horiton  search  with  an 
elevation  coverage  of  2°  is  sufficient  to  detact  all  targets  which  enter  the  radar  coverage  at  heights  up 
to  50,000  ft.  (Bsc  Figure  1} 

Selected  targets  are  tracked  individually  by  selective  search  of  only  those  small  volumes  containing 
the  predicted  possible  next  positions  of  the  targets.  The  number  of  beam  positions  needed  par  data  Inter¬ 
val  for  the  updating  of  tracks  is  small  compared  to  the  number  of  beam  positions  which  would  be  required 
to  search  the  full  volume,  even  when  a  large  number  of  targets  has  to  be  tracked.  For  example,  for  200 
targets  to  be  tracked,  and  assuming  that,  on  average,  per  position  update,  two  beam  positions  are  needed 
for  searching  and  position  extraction,  only  b00  beam  positions  will  be  required. 

For  the  horiton  search  example  shown  in  Figure  1,with  an  atimuth  sector  coverage  of  120°  and  a  r.*-.ov 
pencil  beam  radar  with  0,5  beaarvidths  in  atimuth  and  elevation,  IbOO  beam  positions  are  needed,  giving  a 
total  number  of  beam  positions  for  searching  and  multi-target  tracking  of  1800, 

The  number  of  beam  positions  needed  to  search  a  full  solid  angle  cf  120°  in  atimuth  by  20°  in  eleva¬ 
tion,  assuming  the  same  narrow  pencil  beam  antenna,  amounts  to  9600,  Therefore,  for  this  example,  the 
number  of  beam  positions  needed  for  horiton  search  and  multi-target  tracking  is  only  ZOt  of  that  needed 
in  the  case  of  full-volume  starch. 

A  further  large  reduction  in  the  time  spent  in  eaeh  beam  position  can  be  achieved  as  discussed  below,  and, 
since  the  full  antenna  gain  is  maintained,  there  will  be  a  substantial  reduction  in  required  transmitter 
power. 

These  considerations  also  apply,  to  a  large  extent,  to  half-electronically  steered  systems,  vhich  em¬ 
ploy  electronic  scanning,  e,g,,  in  elevation  only, 

3.  QRAZINO  SEARCH. 

A  profitable  node  of  operation,  called  "Orating  Search",  is  one  in  which  the  beam  elevation  follows 
the  horiton  contour,  A  slight  additional  elevation  is  applied  so  that  most  of  the  beam  remains  above  ter¬ 
rain.  This  reduces  the  magnitude  of  the  ground  clutter  return. 

The  small  volume  left  uncovered  below  the  elevated  bean  only  needs  a  single  low-elevation  scan  or 
"Terrain  Search".  The  reed  for  KTI  (Moving  Target  Indication)  operation  is  limited  in  this  way  to  a  single, 
or  at  most  two, atimuth  scans, 

Horiton  contour-following  cauc-s  a  reduction  of  the  total  number  of  bean  positions  needed  slnee  there 
is  no  need  to  transmit  in  screened  directions.  In  the  terrain  screening  example  shown  in  Figure  2  this  re¬ 
duction  is  Mi, 


with  the  Grazing  .'eoreh  mode,  the  smallest  number  of  beam  positions  requiring  MTI  operation  ia  obtained. 
This  enables  the  number  of  hits  for  MTI  operation  to  t»  increased,  so  providing  improved  anti-clutter  per¬ 
formance. 

If,  for  example,  an  average  of  three  hits  is  available  per  beam  position  for  the  example  in  Figure  2, 
the  system  can  be  operated  so  as  to  have  two  hitB  on  target  in  non-cluttered  directions  and  about  six  hi  s 
for  searches  with  MTI, 

Programming  the  system  control  function  and  storing  of  data  for  the  Grazing  Search  is  not  a  compli¬ 
cated  matter  since  the  amount  of  data  needed  is  small.  The  3ubs»quent  clutter-reduced  elevation  positions 
can  be  obtained  by  initial  manual  beam  control. 


U .  AVAILABLE  NUMBER  OF  BEAM  POSITIOHS 

The  procedure  of  using  the  available  number  of  beam  positions  for  deriving  the  relations  given  in  the 
following  sections  conveniently  provides  the  fundamental  system  parameters. 


The  number  of  beam  positions  obtainable  is  a  function  of  only  the  maximum  range,  the  data  rate  re¬ 
quired,  and  the  number  of  hits  on  target,  n^,  needed  for  the  specified  detection  probability. 

For  an  unambiguous  range  equal  to  R  ,  the  number  of  beem  positions,  obtainable  within  a  data 
interval  or  search  time,  T,  is: 


1.5  x  I0-*  T(aec) 

“h  Raax(ta) 


Considering  different  types  of  system,  the  maximum  radar  range  and  the  required  data  interval  can  be 
seen  to  be  approximately  related,  making  the  number  of  beame  a  function  of  the  nuuber  of  hits  only: 

✓  3000 

For  example,  if  R  ■  300  km  and  T  ■  o  seconds,  N.  »  — — - *  , 
m&x  d  n. 


The  absolute  maximum  number  of  beam  positions  obtainable  ie  3000  (which  would  occur  in  the  case  of 
one  hit  per  beam  position  only). 

5.  HITS  OH  TARGET,  TRAHSMITTER  POWER.  AMD  HUMBER  OF  BEAMS 

The  required  transmitter  power  eon  be  directly  related  to  the  available  number  of  beam  positions  and 
the  number  of  hits  required  on  target,  as  follovs : 

Froei  the  radar  equation  it  follow*  that  the  transmitter  peak  power,  Pt,  is  proportional  to  D#,  the 

signal-to-noie«  ratio  required  at  the  receivers  all  other  radar  parameters  are  assumed  to  be  constant 
(Ref,  1).  For  a  given  target  lignal  fluctuation  characteristic  and  a  particular  false  alarm  probability, 

D  is  a  (non-linear)  function  of  the  probability  of  detection  and  the  number  of  hita,  n.  ,  on  target  (Ref, 
1*end  2).  For  a  given  required  probability  of  detection,  P.  ,  thie  "detectability  relation"  1st 

».  -  . 


Therefore,  for  a  linear  dependence  of  maximum  range  and  required  data  interval: 


Nb  ”  3000/nh  and 

P^oCffrij^p  where  P£  is  the  relative  peak  power,  i. 
*dr  for  the  case  of  one  hit  on  target. 


slated  to  the  peak  pover  required 


The  dependence  of  H.  ,  P'  and  the  relative  transmitted  energy  per  beam  poaition  on  nk  is  shown  in  Fig. 
3,  for  P.  -  803(.  6  *  ** 

Without  taking  account  of  cost/effectiveness  considerations  it  can  be  expected  that  the  use  of  about 
three  hite  per  beam  position  will  provide  best  integration  afficiency. 

For  n^  ■  3,  the  relation  between  search  time,  maximum  range  and  number  of  beams  is 


Nb  -  °*5  * 10'  *  irf^T 


(Fig.  4) 


For  this  optimum  number  of  hits  and  the  earlier  assumed  linear  dependence  of  R  and  T,  the  number 
of  obtainable  beam  positions  is  s  constant: 


N.  -  1000. 

D 


This  number  of  beams  can  therefore  be  considered  as  an  approximate  eystem  design  constant. 

If  more  transmitter  power  is  applied  than  that  corresponding  to  the  beet  integration  efficiency,  H. 
can  be  increased  (Fig,  :>).  6 


For  our  example,  with  nh  ■  3,  R^^  ■  300  km  and  eA  «  0E  ■  0,5°  and  taking  as  an  example  the  following 
set  of  radar  parameters  (Ref.  1), 

-  .  .„-6  ... 


m  »  1  dB 


Fast  scintillating  signal 


Cfe  -  0  dB 
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Non-coherent  integration  Lx  «  2  dB 

f  »  5000  MHz  cn)  TiF  »  U  dli 


0.  ■  G_  ■  51  dB 

W  i 

(2) 

L  d  “  2  dB  {corresponding  to  a 
minimum  Energy 
Factor  at  n.  =  2  and 

P.  ■=  80? 
d 

Ref.  fi).) 


L  «  2  dB 
r 


2  dB 


a  pulse  peak  power  of  only  9  kW  or  a  mean  transmitter  power  of  18  W  is  required  ter  Qo?  probability  of  de¬ 
tection  on  a  10  ai  target  (Rif.  1). 

0  This  low  value  of  transmitter  power  is  primarily  due  to  the  high  antennt  gain  corresponding  to  the 
0.5  x  0.5  pencil  beam  assumed.  Interesting  possibilities  from  the  point  of  view  of  system  construction 
can  result  from  such  a  low  transmitter  power  requirement. 

6.  THE  RADAR  BEAM  DISPOSITION  FACTOR,  l}2? . 

— . — . a— . 

The  solid  angle  that  can  be  covered  is  determined  by  the  number  of  beam  positions  available,  the  type 
of  scan  pattern,  and  the  spacing  between  beam  centre  positions. 

There  exists  an  optimum  value  of  the  bean  centre  spacing  when  considering  the  total  energy  needed  to 
search  a  given  volume.  Early  investigations  by  Bradley  (Ref,  U)  optimized  the  beam  spacing  on  the  basis  of 
maximum  average  power  in  space.  However,  average  signal-to-noise  ratio  has  no  operational  meaning;  optimi¬ 
zation  of  operational  performance  must  in  all  cases  be  performed  on  the  basis  of  average  probability  of 
detection.  This  has  been  pointed  out  also  by  Barton  and  Hall  (Ref.  5). 

Improved  procedures  taking  into  account  the  effect  of  beam  overlap  were  reported  by  Evans  and 
Kanyuck  (Ref.  6)  and  by  Hahn  and  Gross  (Ref.  7).  Their  results,  however,  were  valid  only  for  a  single  hit 
on  target  and  for  50?  detection  probability. 

When  optimizing  On  the  basis  of  average  probability  of  detection,  the  optimum  spacing  becomes  depen¬ 
dent  on  the  detectability  conditions,  such  as  the  number  of  hits  on  target,  the  type  of  signal  scintilla¬ 
tion  and  the  probability  of  detection,  because  of  the  non-linear  interdependence  of  these  parameters. 

An  optimization  has  been  carried  out  at  SHARE  Technical  Centre  with  respect  to  the  Energy  Factor,  E, 
which  represents  the  product  of  transmitter  pover  and  the  time  required  to  search  a  given  volume  while  pro¬ 
viding  the  required  average  detection  probability.  Values  of  E  as  a  function  of  detectability  conditions, 
and  for  both  optimum  and  fixed  beam  spacings,  are  shown  in  Figure  6. 

It  can  be  seen  that  only  for  50?  detection  probability  can  a  fixed  spacing  be  used  without  losses. 

A  full  set  of  data  for  the  optimum  beam  spacing  for  a  range  of  detectability  conditions  and  for  all 
Swerling  type  signal  sc  filiation  models  is  provided  in  Ref.  8, 

In  all  eases  the  staggered  beam  arrangement,  or  triangular  lattice,  is  optimum  because  of  the  reduced 
spatial  pover  variation#  For  this  arrangement  of  beam  positions  the  dependence  of  optimum  beam  spacing  on 
nh  *nd  Pd  i8  8hown  in  Fieure  7.  The  beam  centre  spacing  s'  is  expressed  relative  to  the  half-power  an¬ 
tenna  r  beamwidth. 


I.  *o  enable  calculation  of  the  required  transmitter  power,  etc.,  for  each  setting  of  the  beam  spacing, 
a  Radar  Beam  Disposition  Factor,  L'§),#  i*  introduced,  which  factor  replaces  the  veil-known  "beam  shape” 
or  *  pattern  loss  factor  of  the  scanning  type  radar#  These  are  not  applicable  to  the  stepped-scan,  phased- 
array  radar  because  there  is  no  modulation  by  the  beam  shape  of  the  received  train  of  pulses. 

Also,  the  effect  of  an  increase  in  detectability  due  to  beam  overlap  has  to  be  accounted  for,  which  over¬ 
lap  can  cause  this  factor  to  be  greater  than  1. 

Figure  8  gives  a  number  of  values  of  the  radar  beam  disposition  factor  for  different  detectability 
conditions  (Ref,  8), 

The  solid  angle  of  *  in  azimuth  x  a0  in  elevation  that  can  be  covered,  assuming  a  staggered  beam 
arrangement,  is  * 

X  m  x  Sp2  x  0AeE  Db 


The  time  required  to  search  this  volume  is 


T 


2nh 

- “T  N.  R 

3  x  105  b  Ba* 


(km). 


For  our  example  with  0A  -  0£  -  0.5°,  Nb  -  1000,  nh  -  3,  and  Rbm  -  300  km,  and  for  a  relative  beam 
spacing  8^  •  0,9  (corresponding  to  a  minimum  energy  faetor  at  •  3  and  ■  Oo?)  t 

*8  x  *s  "  175  d#«r*2 


3  V* 


Thai  in,  for  instance. 


c 


elevation  * 


in  azimuth  with  a  data  interval  of  T  ■  6  aeconda. 


for  2'  *  0.0,  the  relative  soli  1  angle  .* •  covered,  ia 
P 


*s  x  Js 


'  E 


o.r  ;; 


The  dependence  of  .1*  on  F,  is  shown  in  Figure  9. 

7.  VOUT, ,K  COVERAGE  HORIZON  SEARCH. 

X-  the  above  example,  providing  8?°  azimuth  coverage,  no  account  vas  taken  of  the  natural  beam 
broadening  occurring  at  large  angles  away  from  the  direction  normal  to  the  antenna  aperture. 

The  antenna  beamvidth  at  an  angle  p  away  from  broadside  increases  due  to  the  reduction  of  antenna 
aspect  and  is  approximately  : 

3  (*).  0A(0)/co«  iii,  where  °A(°)  is  the  beamvidth  at  broadside,  the  relation 
being  valid  for  angles  up  to  about  85  off  broadside. 

Due  to  the  natural  beambrotdening  the  number  of  beam  positions,  M,  required  in  order  to  cover  an 
aiimuth  sector  ♦  reduces  to 

2  sin  i  *s 

Nb  az  *  S'  J.foKradT  ; 

P  * 

The  number  of  beams  required  in  order  to  cover  the  volume  *  x  ♦  (vhen  is  large),  using  a  stag¬ 
gered  beam  arrangement, and  the  time  to  search  this  volume  are,  respectively  : 

I  ♦#  2  ,in  *  *s 

V*.  lar«e)  ‘  x  ^  x  8AWr7dT 

2n. 

T(  *  large)  -  — - -  x  S.  (♦  large)  x  R  -■  (km) 

8  -  «  D  8  Bt* 

3x10' 


For  our  example  it  follovs  that  an  aximuth  sector  of  8l°  can  be  covered  in  6  seconds  or,  alternative¬ 
ly,  an  azimuth  sector  of  120°  in  7.1*  seconds. 

The  aximuth  coverage  obtained  in  this  vay  is  not  uniform  due  to  the  reduction  of  antenna  gain  as  a 
function  of  off-broadside  angle,  g>.  It  is  possible,  by  adjusting  the  mutual  coupling  betveen  antenna  ele¬ 
ments,  to  reduce  the  variation  of  antenna  gain  vith  angle  at  the  expense  of  reducing  the  maximum  antenna 
gain  at  broadside,  0(0), 

For  the  purpose  of  the  present  general  discussion  ve  vill  assume  that  no  such  frequency-sensitive 
measures  are  taken,  and  that  the  antenna  gain,  (.{*),  is  proportional  to  the  antenna  aspect,  so  that  i 

0(*)  ■  G(0)  cos  <p. 

As  a  result,  the  detection  range  drops  proportional  to  /cos- F  and  a  plan  position  coverage  .is  obtained 
as  shown  in  Figure  10, 

The  loss  in  coverage  towards  the  sides  can  be  compensated  for  by  increasing  the  number  of  hits  trans¬ 
mitted  in  these  directions.  Because  the  antenna  gain  only  drops  rapidly  towards  the  edges,  only  a  small  in¬ 
crease  in  the  total  number  of  hits,  and  consequently  in  the  total  search  time,  is  needed. 

Examples  of  plan  position  coverages  vith  and  vithout  compensation  are  shown  in  Figure  10,  The  search 
times  are,  respectively,  9,7  and  7.h  seconds  for  the  parameters  as  assumed  above. 

If  horizon* contour- following  is  used,  these  search  times  are  reduced.  For  the  terrain-screening  exam- 
tile  shown  earlier,  giving  a  reduction  of  17*,  the  search  times  are  8.3  and  6.3,  respectively. 

8.  REDUCING  SEARCH  TIMES. 

These  search  times,  or  data  intervals,  can  be  drastically  reduced  further,  if  required,  by  either 

-  increasing  the  beamvidth  in  aximuth  or  elevation, 
reducing  the  number  of  bits, 

-  increasing  the  beamspacing  above  the  optimum, 

-  using  multiple  simultaneous  beams, 

or  a  combination  of  these.  All  of  these  measures  vill  involve  increased  transmitter  power. 

It  should  also  be  noted  that  not  all  aslanith  angles  have  to  be  searched. 

The  above  considerations  did  not  include  the  possible  use  of  the  sequential  detection  technique.  A 
substantial  literature  on  this  technique  already  exists.  It  has  been  shown  that,  by  using  this  technique. 
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a  reduction  in  the  required  nunber  of  hits  or  in  the  required  transmitter  power  by  a  factor  of  about  two 
can  be  achieved  for  a  low  number  of  resolution  cells. 

The  use  of  this  t  ehnique  is  particularly  well  suited  to  the  horizon  search  mode  since  the  range  in¬ 
terval  of  interest  cau  be  restricted  to  a  small  value  near  maximum  range.  Only  for  the  lowest  beam  ele¬ 
vation  position  does  a  large  range  interval  have  to  be  searched. 

It  is  concluded  that  a  large  azimuth  sector  can  be  searched  in  a  few  seconds  even  when  a  narrow  beam 
is  used. 

All  of  the  time  left  within  the  required  minimum  data  interval  will  be  used  for  increasing  the  time 
spent  in  the  lowest  elevation  directions  for  improving  MTI  performance. 

9.  FULL-VOLUME  SEARCH. 

For  the  sake  of  completeness,  this  short  discussion  on  full-volume  searching  is  included  although,  as 
stated  earlier,  there  is  no  real  need  for  a  search  of  all  elevation  angles. 

When  searching  for  aircraft-type  targets  at  the  higher  elevation  angles  the  computer-controlled  pen¬ 
cil  beam  radar  can  conveniently  take  advantage  of  the  reduced  target  ranges  resulting  from  the  aircraft 
height  ceiling.  Firstly,  the  time  inverval  between  pulses  can  be  reduced  proportionally  to  zhe  maximum  un¬ 
ambiguous  range,  R  ,  required.  Secondly,  for  a  given  constant  detection  probability  the  required  aignal- 
to-noise  ratio,  D  ,  is  reduced. 

The  change  of  R  and  D  as  a  function  of  elevation  angle, ♦,  is  shown  in  Figure  11,  taking  into  -c- 
count  earth  curvature  End  atmospheric  diffraction,  for  a  target  at  a  constant  height  of  53,000  ft.  (Figure  1) 
The  required  signal-to-noise  ratio  is  reduced  by  30  dB  at  20°  elevation,  assuming  no  antenna  gain  variation. 
Consequently,  the  probability  of  detection  rapidly  increases  to  100J  (Figure  12),  all  parameters  being 
assumed  constant. 

If  the  complexity  arising  from  the  use  of  antenna  gain  variation  has  to  be  avoided,  the  extra  energy 
available  will  enable  a  reduction  to  be  made  in  the  number  of  hits  transmitted  as  a  function  of  elevation 
angle.  An  example  is  shown  in  Figure  12. 

Due  to  reducing  both  the  number  of  hits  and  the  pulse  travel  time  a  significant  reduction  is  obtained 
in  the  time  to  search  the  higher  elevation  angles.  Figure  12  shows  the  incremental  search  times,  n.T.,  per 
unit  of  elevation  angle  for  fixed  and  for  reducing  mssbers  of  hits.  It  follows  that  the  entire  volume  a- 
bove  2  elevation  can  be  searched  in  a  time  roughly  equal  to  that  required  for  the  horizon  search. 

The  probability-of-detection  curve  resulting  from  the  use  of  this  procedure  (Figure  12)  still  has  a 
large  region  of  very  high  detection  probability,  indicative  of  the  non-optimum  use  of  the  available  energy. 

To  achieve  optimum  conditions,  basically  the  objective  in  controlling  the  system  should  be  to  provide 
a  constant  volumetric  detection  probability.  In  this  case  a  minimum  search  time  is  also  obtained. 

Thin  objective  could  be  met  elegantly  if  forced  beam  broadening  by  antenna  illumination  control  is 
introduced  in  such  a  way  that  both  the  beamwidths  of  the  pencil  beam  antenna  in  azimuth  and  elevation  are 
made  to  vary  in  inverse  proportion  to  target  ranges  that  is, 

OA(d)/0A(O)  "  0g(#)/®jj(O)«R(O)/R(o). 

This  differs  from  the  usual  cosecant-squared  type  of  gain  variation  in  that  both  the  azimuth  and 
elevation  beamwidths  are  changing. 

A  particularly  noticeable  effect  of  such  an  "Inversely-Proportional"  antenna  is  that  the  tangental 
plot  accuracy,  which  is  proportional  to  R.9,  remains  constant  in  both  azimuth  and  elevation. 

The  incremental  search  times  of  the  "Inversely-Proportional"  antenna  rapidly  reduce  with  elevation 
angle  and  become  very  small  at  elevation  angles  above  10  (Figure  12). 

In  our  example,  the  beamwidths  will  increase  from  0.5°  at  the  horizon  to  3°  at  20°  elevation. 

Since  about  three  hits  provide  optimum  integration  efficiency  there  is  no  need  also  to  change  the 
number  of  hits  though,  if  neceosary,  this  could  be  done  to  reduce  the  maximum  beam  broadening. 

It  is  concluded  that,  by  the  use  of  p.r.f.  adaptation  and  wither  hit  reduction  or  inversely-propor- 
tional  beam  widening  the  full-volume  search  time  can  be  held  to  acceptable  values  even  when  very  narrow 
beams  arn  used. 

The  inversely-proportional  beamwidth  adaptation  could  be  approximated  by  changing  the  beamwidths  in 
steps,  in  particular  between  2  and  10  of  elevation. 

The  conventional  cosecant-squared  antenna  is  inefficient  from  the  time  management  point  of  view  since 
neither  the  pulse  repetition  rate  nor  the  number  of  hits  on  target  can  be  varied. 

10.  MARROW  BEAMS. 

The  present  paper  assumes  the  use  of  narrow  antenna  beams  because  of  their  inherent  advantages  from 
the  operational  point  of  view. 

The  increased  antenna  gain  itself  is  not  the  primary  advantage  as  the  resulting  reduced  transmitter  cost 
has  to  be  balanced  against  the  increased  cost  of  the  antenna,  although  it  should  be  remembered  that,  for  the 
same  radar  range,  the  required  transmitter  power  is  inversely-proportional  to  the  square  of  the  number  of 
ciwiionti  • 
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The  main  virtues  of  the  narrow  beam  system  from  the  operational  point  of  view  are  : 

-  the  high  target  location  accuracy,  which  also  allcws  a  reduction  in  the  volumes  to  be  searches 
for  target  position  updating  in  the  multi-target  tracking  phase; 

-  the  reduced  ground  illumination,  giving  reduced  ground  clutter  return  and  the  possibility  of 
minimising  the  volume  to  be  searched  under  clutter  conditions; 

-  the  reduction  in  site  of  the  radar  resolution  cell  which  represents  the  intercepted  clutter 
volume  and  therefore  reduces  rain  clutter  return; 

-  the  reduced  sensitivity  to  external  interference. 

II.  FREQUENCY  AGILITY . 

Also  assumed  in  the  example  is  the  use  of  frequency  agility  (pulse-to-pulse  frequency  jumping).  The 
reasons  are  tint  it  has  the  following  advantages: 

-  increased  detection  probability,  due  to  tne  fast  target  signal  scintillation  :  3-dB  gain  for 
three  hits  and  8oJ  detection  probability  (Ref.  ',2,3) 

-  reduced  target  glint  error,  due  to  decorrelation  of  returns 

-  reduced  multi-pass  error  and  reduced  "lobing"  effect,  due  to  filling-in  of  interference  nulla 
caused  by  ground  reflection 

-  improved  interference  resistance. 

'2.  "FIRST-GRADE"-  AND  "SECOND-GRADE"  CONTROL. 

The  discussion  above  on  optimising  radar  operational  performance  has  been  restricted  mainly  to  what 
could  be  called  "First-Grade  Control",  that  is,  simple  system  control  procedures,  optimising  performance 
primarily  by  management  Of  the  spatial  power  distribution  and  the  distribution  of  search  and  tracking  times 
and  not  requiring  multiplication  of  hardware  or  extensive  computer  processing. 

The  purpose  in  limiting  the  discussion  to  first-grade  control  is  to  show  that,  even  with  simple  system 
control  procedures  a  large  increase  in  efficiency  of  the  time  and  power  management  can  be  obtained,  and 
that  acceptable  data  rates  can  be  achieved  even  when  narrow  beams  are  used. 

Included  under  first-grade  control  are  hori ion-search  and  grating-search  procedures,  and  the  use  of  a 
single,  multiple-channel  receiver. 

"Second-Grade  Control"  would  imply  control  procedures  requiring  r  multiplication  of  hardware  or  ex¬ 
tensive  data  processing.  Examples  are  sequential  detection  methods  requiring  detection  channels  ftr  each  re¬ 
solution  cell  and  extensive  adaptive  control  procedures. 

Forced  beam-widening  would  also  be  classified  ns  second-grade  control  since  its  complexity  does  not 
result  from  switching  off  antenna  sections,  for  example,  but  from  the  need  for  power  redistribution  or  re¬ 
setting  of  element  powir  levels  to  restore  the  proper  antenna  illumination  function  for  the  isaintenance  of 
sufficiently  low  side-lobe  levels. 

'3.  MULTI-TARGET  TRACKING. 

Tracking  is  discussed  here  only  in  the  context  of  beam  management  and  time  distribution. 

As  mentioned  above,  the  tracking  of  targets  detected  with  the  horison  search  vould  require  a  number  of 
beam  positions  which  is  small  compared  to  that  required  for  searching.  If  the  system  is  operated  in  such  a 
way  that  target-position  updates  are  performed  before  the  targets'  next  positions  hare  an  uncertainty  cor¬ 
responding  to  one  beamwidth,  and  assuming  two-dimensional  monopulee  position  extraction,  only  one  beam  po¬ 
sition  per  target  is  needed.  Also,  in  general,  not  all  targets  in  radar  cover  need  to  be  tracked,  since 
certain  parts  of  the  air  space  may  not  be  of  interest,  and  some  tracks  could  bo  terminated  when  they  are 
no  longer  of  interest. 

Consequently,  the  data  interval,  or  the  interval  between  looks  on  the  same  target  for  track  updating 
will  not  be  much  larger  than  the  search  times  derived  for  the  examples  discussed  above.  This  additional 
time  required  for  multi-target  tracking  is  further  drastically  reduced  because,  in  most  cases,  the  eleva¬ 
tion  angles  are  relatively  high  and  ranges  short,  which  means  proportionally  smaller  pulse  intervals  (Fi¬ 
gure  12). 

Furthermore,  it  should  be  realised  that  the  achievable  data  intervals  mentioned  earlier  constitute  the 
average  of  the  track  update  intervals  of  the  different  targets.  These  intervals  can  be  different,  depending, 
for  example,  on  the  track  quality,  the  particular  manoeuvring  status  of  each  track,  and  the  collision  chance. 
In  "track-while-scan"  systems,  using  continuously-rotating  search-type  radars,  the  available  data  rate  is 
necessarily  related  to  the  worst  target  manoeuvring  possibility.  In  the  steered  system  ,  adaptive  con¬ 
trol  of  data  rates  can  be  simply  accomplished.  Since  the  chance  of  all  targets  turning  at  the  same  moment 
or  otherwise  requiring  close  attention  is  small,  the  steered  syntax  can  employ  increased  data  rates  on  a 
few  selected  targets  and  reduced  data  rates  on  others.  Consequently,  the  effective  data  rate  is  much  higher 
than  the  average  data  rate. 

It  is  possible  in  principle  to  obtain  a  further  substantial  reduction  in  total  tracking  time  by  updating 
several  target  positions  within  a  single  pulse  travel  period,  corresponding  to  the  target  at  the  longest 
range.  In  this  mode  pulses  a^e  transmitted  sequentially  in  the  subsequent  directions  of  increasing  target 
range,  all  pulses  being  sent  within  the  maximum  poise  travel  time.  Returns  are  listened  to  in  the  same  way. 
The  total  number  of  targets  that  can  be  illimilnated  is  this  way  within  one  pulse  repetition  period  is  li- 
*it#d  by  ttat  rang*  of  tho  ooarott  targot# 
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This  mode  of  operation  requires,  however,  a  very  rapid  recalculation  and  repositioning  of  the  beam. 

The  tracking  of  several  targets  within  one  pulse  repetition  period  also  creates  an  increased  demand  on  the 
transmitter  capabilities.  Consequently,  interpulse-period  track  updating  is  classified  as  second-grade  con¬ 
trol. 


When  however  updating  targets  in  subsequent  data  intervals,  the  computation  of  the  next  bear,  direction 
can  be  performed  in  the  preceding  data  interval. 

Using  the  narrow  pengil  beam,  three-dimensional  target  tracking  is  achieved.  By  providing  a  fixed  tilt 
of  the  antenna,  of  say  30  ,  targets  can  be  tracked  to  very  high  elevation  angles,  so  that  the  system  will 
not  have  a  "zenithal  null".  No  significant  reduction  in  the  horizon  search  performance  will  occur  as  a  re¬ 
sult  of  this  tilting  due  to  the  slow  change  of  beamwidth  and  antenna  gain  for  small  off-'oroadside  angles. 
Separation  of  the  tracking  from  the  searching  function  permits  optimization  of  the  system  for  both  func¬ 
tions  independently.  For  instance,  the  most  suitable  transmitter  waveforms  can  be  selected  for  use  in  each 
of  the  two  phases. 

111.  CONCLUSIONS. 

To  be  competitive  from  a  cost/effectiveness  standpoint,  it  is  essential  that  the  inherent  flexibili¬ 
ties  of  the  computer-controlled  radar  system  are  exploited  to  the  fullest  possible  extent.  With  proper  con¬ 
trol,  the  large  flexibility  of  operation  of  this  second  generation  of  radar  systems  leads  to  a  greatly  im¬ 
proved  performance  as  compared  with  the  non-intelligently  rotating,  full-volume  search,  radar. 

Even  when  the  systems  management  is  limited  to  "First-Grade  Control",  not  requiring  multiplication  of 
hardvare  or  extensive  computer  processing,  a  large  increase  in  efficiency  is  achieved,  both  in  the  use  of 
the  time  and  power  available,  in  generating  the  wanted  information. 

For  air  space  surveillance,  including  the  detection  and  tracking  of  airborne  targets,  it  is  sufficient 
to  perform  an  "Horizon  Search",  with  a  small  elevation  sector,  covered  by  a  few  elevation  beam  positions, 
followed  by  the  individual  and  selective  tracking. of  the  targets  detected  (that  is,  "Multi-Target  Tracking"). 
The  substantial  power  wastage  of  the  large-volume  search  and  tracking  system  is  in  this  way  avoided  while  a 
better  performance  is  obtained, 

Air-Traffic  Control  is  a  good  example  of  a  civil  system  not  requiring  a  full-volume  search.  Flight  plans, 
target  handover  procedures  and  prescribed  corridors  limit  the  volume  to  be  searched;consequently ,  the  use  of 
Multi-Target  Tracking  alone  would  often  suffice. 

Inclusion  of  the  horizon-contour- following  and  "Grazing  Search"  procedures  as  part  of  the  horizon  search 
mode  limit*  the  total  volume  to  be  searched  and  the  number  of  ground  illuminating  beam  positions  required, 
and  leaves  the  maximum  time  for  anti-clutter  operation.  In  this  way  anti-clutter  performance  is  improved, 
particularly  if  narrow  antenna  beams  are  used. 

With  regard  to  the  volume  that  can  be  covered  within  a  given  data  interval,  1000  beam  positions  ap¬ 
pears  to  be  an  approximate  system  design  constant. 

Optimum  integration  efficiency  occurs  when  the  number  of  hits  on  target  is  approximately  three. 

To  maintain  an  optimum  "Energy  Factor"  (tho  product  of  search  time  and  transmitter  power)  it  is  neces¬ 
sary  to  adjust  the  spatial  beam  disposition  to  match  the  radar  mode  of  operation,  particularly  for  detec¬ 
tion  probabilities  higher  than  3 OX.  Values  for  the  optimum  setting  of  beam  spacing  for  different  numbers 
of  hits  on  target,  detection  probabilities,  and  target  scintillation  models,  have  been  provided. 

For  the  evaluation  of  phased-arr  y  detection  performance  a  "Nadar  Beam  Disposition  Factor,  L  ^  "  is 
introduced,  which  factor  replaces  the  beam-shape-loss  or  pattern-loss  factor  of. the  continuously-rotating 
search-type  system,  which  is  not  applicable  to  phased-array  radars.  Values  of  L  f '  for  different  radar 
operating  conditions  are  given.  a 

It  has  been  shown  that,  even  when  using  very  narrow  pencil  beam  antennas,  a  large  azimuth  coverage  can 
be  obtained  within  acceptable  data  intervals. 

A  very  small  transmitter  power  is  shown  to  be  sufficient  for  the  type  of  system  operation  described. 
Interesting  system  construction  aspects  may  rrise  from  this. 

An  example  is  given  of  compensating  the  loss  in  detection  probability  at  large  off-broadside  angles  of 
fixed  arrays  by  increasing  the  number  of  hits  on  target. 

Coverage  of  the  full  volume  above  the  horizon-search  is  not  considered  necsssary.  It  is  shown  that,  if 
nevertheless  such  a  search  is  desired,  this  can  be  performed  vith-'.n  a  time  comparable  to  that  required  for 
the  horizon  search,  by  exploiting  the  reduced  target  ranges  for  reduction  of  the  pulse  repetition  period 
and  reducing  the  number  of  hits  required  to  meet  a  given  detection  probability, 

A  constant  spatial  detection  probability  and  a  constant  tangential  target  location  accuracy  cap  be  a- 
chieved  by  the  use  of  an  "Inversely-Proportional"  antenna,  of  which  both  the  azimuth  and  elevation  beamvidth* 
are  inversely  proportional  to  range. 

The  importance  of  the  use  of  very  narrov  antenna  bean*  is  stressed,  for  reasons  of  reducing  ground  illu¬ 
mination,  improving  performance  against  clutter,  and  improving  target  tracking  performance. 

Several  of  the  arguments  given  apply  also  to  systems  having  phase- frequency  steering  or  using  one-di¬ 
mensional  inertial***  steering  only. 


It  is  concluded  that,  with  an  electronically-steered  radar  ijrttet,  the  time  sol  energy  required  for 
aulti-target  tracking  is  snail  coopered  to  the  volume  search  tiae.  Further  reduction  of  the  total  target 
tracking  tine  is  obtained  by  exploiting  the  reduced  target  ranges. 

The  effective  tracking  data  rate  is  such  larger  than  the  average  systea  data  rate,  because  of  the  pos¬ 
sibility  of  adapting  target  data  rates  to  natch  track  conditions, 

A  snail  tilt  of  the  antenna  pemita  target  tracking  for  all  elevation  angles,  in  this  way  avoiding  the 
usual,  "zenithal  null". 

In  the  cosputer-controlled  system,  using  the  node  of  operation  described,  it  is  possible  to  separately 
optimize  the  searching  and  tracking  functions, 

A  new  approach  to  radtr  systems  design  and  evaluation  is  necessary.  For  optimizing  the  information  ge¬ 
nerating  capabilities,  a  reversed  approach  should  be  taken  :  In  the  controlled  uulti-iarget  tracking  radar 
syeteo,  the  data  user  will  continuously  determine  target  and  search  sr<a  priorities  and  information  require¬ 
ments.  By  systems  control  the  data  processing  syateai  is  instructed  accordingly  and  determines  track  update 
ana  search  area  requirements,  and  in  turn  instructs  ths  radar  and  signal  processing  system  to  generate  the 
required  information.  The  volumes  left  to  be  searched  are  continuously  being. minimized  as  part  of  the  systems 
control  process. 

It  is  to  be  noted  that  this  procedure  is  the  reverse  of  that  customary  for  convantional  search  and  track* 
ing  radar  systems  which  generate  information  continuously,  irrespective  of  the  momentary  need,  end  which  leeve 
it  to  the  signal  and  data  processing  system  to  filter  out  the  wanted  information  from  ths  large  amounts  of 
unwanted  data. 

The  fact  that  little  has  been  done  so  far  towards  such  an  approach  is  wwmplified  by  this  Symposium  which 
does  not  include  a  "System  Control"  category,  and  where  this  paper  has  baee  listed  under  "Data  Processing", 
in  line  with  the  clastic  sequence  of  events  in  radar  and  data  processing. 

John  Allen  has  said,  at  the  Long  Island  IEEE  Symposium  in  1969,  that  "Fhaaad-Arrayt  cannot  compete  with 
mechanically  scanned  radars'.  It  seems  to  me,  however,  that  the  classic  search  radar;  as  such,  will  disappear 
and  that  the  future  of  radar  (for  civil  application  too)  lies  in  systems-controlled  narrow-pencil-beam,  multi- 
target  tracking  radars. 

It  may  be  disappointing  to  the  radar  engineer  to  realise  that  radar  will  become  subordinate  to  aid  under 
continuous  control  of  the  system,  rather  than  being  an  autonomous  data  generating  source}  hut  we  can  no  longer 
afford  to  go  on  spreading  all  our  pulses  inefficiently  into  the  apace  aroundus  in  an  indiscriminate  meaner. 

The  radar  engineer,  however,  may  find  seme  consolation  in  the;  fact  that  the  advent  of  adaptive  control 
procedures  mark  the  end  of  the  rsday  as  a  classic  example  of  a  compromise  system. 
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SUMMARY 

This  paper  covers  the  digitisation  or  plot  extraction  of  primary  radar  data  which  can  be  used 
to  fulfil  two  purposes.  Firstly,  to  permit  narrow  band  transmission  of  radar  data  from  a  remote  radar 
site  to  a  centre  at  which  displays  are  located,  an<  secondly,  to  provide  a  bright  display  of  primary  radar 
data  using  conventional  fluoride  displays  without  involving  scan  conversion.  The  paper  will  cover  the 
techniques  involved  in  both  hit  detection  and  plot  detection  of  aircraft  echoes  derived  from  a  primary 
radar  together  with  the  various  techniques  employed  to  reduce  the  incidence  of  false  plots  due  to  clutter 
and  weather.  Reference  to  secondary  radar  plot  extraction  will  be  made  and  the  system  requirements 
for  processing  and  displaying  plot  extr  acted  radar  data  will  also  be  discussed. 

1.  INTRODUCTION 

1.1  Plot  extraction  of  primary  radar  may  be  defined  as  the  process  of  correlating  the  returns  from 
successive  radiated  pulses  so  as  to  determine,  once  per  antenna  rotation,  the  positions  of  illuminated 
targets.  The  process  is  essentially  probabilistic  and  a  position  report  is  generated  whenever  the 
likelihood  of  a  target  being  present,  at  the  specified  position,  exceeds  some  threshold  level.  Thus, 
reports  may  be  generated  when  targets  are  not  present  (probability  of  false  plot),  or  reports  may  not  be 
generated  for  targets  which  are  present  (probability  of  detection). 

1.2  On  the  conventional  radar  cathode  ray  tube  display,  the  human  operator  can  very  effectively  make 
a  visual  correlation  of  the  returns  to  determine  the  presence  of  targets.  Using  phosphors  of  moderate 
persistence,  his  correlation  field,  in  practice,  extends  to  cover  several  antenna  rotations.  He  not  only 
correlates  the  retains  to  detect  plots,  but  also  correlates  the  plots  from  successive  antenna  scans  so  as 
to  observe  the  movement  of  the  target.  Thus,  he  can  track  the  target.  His  ability  to  carry  out  this 
tracking  process.especially  for  any  length  of  time,  is  limited.  He  can  really  only  manage  to  deal  with  a 
few  targets  at  a  time.  The  number  hr  can  manage  reduces  dramatically  as  the  speeds  of  the  targets 
increase  and  their  movements  become  more  erratic. 

1.3  The  shortcomings  of  the  human  operator  led  to  a  requirement  in  military  intercept  systems  and 
in  missile  systems  for  the  tracking  to  be  performed  by  firstly  analogue  and  subsequently  digital  computers. 
This  in  turn,  required  the  process  of  plot  extraction  io  be  carried  out  automatically.  Thus,  the  develop¬ 
ment  ofr plot  extraction  techniques  owed  much  originally  to  the  needs  of  military  systems. 

1.4  More  recently,  however,  the  -apid  expansion  of  civil  aviation  and  the  use  of  secondary  radar 
has  led  to  the  requirement  in  air  traffic  control  systems,  for  the  direct  labelling  on  the  radar  position 
display  of  significant  information,  relating  to  the  targets  displayed.  This  has  caused  considerable- 
development  effort  to  be  put  into  extraction  systems  for  both  primary  and  secondary  rsdar,  and  systems 
are  now  operational  using  tracking  computers  connected  to  primary  and  secondary  plot  extractors.  As 
well  as  providing  outputs  in  a  form  suitable  for  computer  processing,  plot  extractors  also  considerably 
reduce  die  bandwidth  required  for  the  transmission  of  radar  data.  Thus  compared  with  the  several  MHz 
video  bandwidth  of  a  radar,  after  plot  extraction  the  data  may  typically  be  carried  over  circuits  of  a  f  »w 
kHz  bandwidth.  This  means  that  where  a  single  centre  is  to  be  used  to  provide  control  over  a  1  ?r»je  a  -'a, 
the  whole  area  can  be  covered  by  a  series  of  remote  radars,  sited  so  as  to  give  the  best  radar  coverage. 
The  radars  can  then  be  connected  to  plot  extractors  and  the  extracted  data  economically  transmitter  into 
the  centre. 

1 . 5  After  suitable  processing  the  output  of  a  plot  extractor  may  be  written  on  a  display  with  each  plot 
being  re-freshed  at  a  rate  of  typically  20  times  per  second.  In  this  way,  a  bright  flicker-free  display  is 
produced  enabling  radar  and  procedural  controllers  to  sit  side  by  side  in  an  air  traffic  control  centre, 
thus  easing  the  communication  problem  between  them. 
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1 . 6  Returning  to  the  unulugy  of  the  human  operator  carrying  out  plot  extraction  and  tracking,  it 

should  be  observed  that  in  such  *  system  the  human  operator  will  subconsciously  lower  his  acceptance 
threshold  in  the  area  in  which  he  expects,  on  the  basis  of  the  previously  observed  track,  to  see  a  target 
return.  Thus  he  will  accept  a  weak  response  as  confirming  the  continued  presence  of  the  target  he  was 
already  tracking.  In  just  the  same  way  a  tracking  computer  can  ba  used  to  control  the  acceptance 
thresholds  in  a  plot  extractor  so  as  to  increase  the  probability  o  maintaining  a  continuous  track. 


2. 


PLOT  EXTRACTION 


2.1  Over  the  past  ten  to  fifteen  years,  the  basic  techniques  of  digital  plot  extraction  have  become 
relatively  well  known.  Although  many  different  machines  have  been,  and  are  being  made,  whose 
perlormance  varies  from  one  to  the  next,  they  are  all  derived  from  the  same  principles.  One  may 
perhaps;  divide  primary  extraction  into  three  main  areas:- 

(a)  Hit  detection. 

(b)  Plot  detection. 

(c)  Clutter  elimination. 


2.2 


Hit  Detection 


From  a  conventional  incoming  video  containing  an  abundance  of  wanted  and  unwanted  signals,  a 
digital  representation  must  be  produced.  Hopefully,  this  will  contain  information  about  all  the  wanted 
signals  and  nothing  of  the  unwanted  ones.  The  process  of  quantization  is  essential  for  the  plot  detection 
following  it  and  may  be  performed  in  &  vari'ty  of  ways:. 

2. 3  Perhaps  the  most  common  method  adopted  is  to  operate  with  a  single  amplitude  threshold  and 
to  accept  all  levels  above  this  threshold  as  a  logical  'one*  and  to  reject  all  below  as  logical  'zero'.  Such 
a  threshold  would  usually  be  controlled  by  some  type  of  noise-counting  feed-back  loop,  in  order  to 
preserve  a  constant  false  alarm  rate  (CFAR)  in  the  presence  of  varying  thermal  noise. 

2.4  The  video  would  be  better  represented  by  quantizing  into  more  than  one  state,  using  several 
thresholds  at  different  voltages;  multi-level  quantization.  With  signals  in  thermal  noise  alone,  it  can 
be  shown  that  the  improvement  using  coavcmtianal  plot  extraction  techniques  is  limited  to  around  2dB 
and  since  a  large  increase  in  hardware  is  needed  to  implement  it,  multi-level  quantizing  is  usually 
dismissed  as  not  cost  effective.  However,  in  clutter  areas  it  is  possible  that  the  improvement  in 
detection  may  be  much  greater,  and  with  a  continuation  of  the  present  downward  trend  of  storage  cost, 
multi -level  quantizing  may  yet  come  into  use. 

2.5  The  amplitude  quantized  signal  so  far  produced  will  in  most  systems  also  be  time  quantized  by 
a  convenient  range  clock.  At  this  stage  it  is  convenient  to  assess  the  width  of  each  hit,  in  order  to 
reject  those  which  are  much  shorter  or  much  longer  than  the  original  transmitted  pulse. 

2. 6  In  some  systems  &  video  may  be  received  which  has  already  been  quantized;  for  example,  in 
certain  types  of  digital  MT1.  This  is,  however,  merely  &  shift  of  hardware  within  the  overall  system. 

2. 7  The  information  content  of  the  signal  emerging  from  hit  detection  will  have  a  certain  probability 
of  true  signal  (Pg),  snd  a  certain  probability  of  false  signal  (Pn).  Whatever  the  quantizing  system 
employed,  these  two  quantities  will  be  related  to  the  signal-to-noise  ratio  of  the  original  video  and,  in 

a  non-clutter  situation,  the  relationship  will  usually  be  readily  calculable. 


2.8 


Plot  Detection 


Having  produced  a  digital  representation  of  the  incoming  video,  a  plot  extraction  device. must 
store  that  data  for  *  period  corresponding  to  several  single  illuminations  of  a  target.  This  is  necessary 
in  order  that  successive  returns  may  be  range  correlated  to  produce  the  required  detection  probability 
and  decrease  in  false  alarm  rate.  There  are  many  waya  in  which  this  may  be  done,  each  method  having 
slightly  different  characteristics  of  its  own.  Three  such  methods  are  conventionally  referred  to  as 
’moving  window',  'staircase  integrator'  and  'maximum  likelihood  estimator'.  Some  of  the  methods 
require  data  storage  for  only  a  few  p.r.i.  s.  (~.r.i.  *  pulse  repetition  interval),  whereas  the  'maximum 
likelihood  estimator’  needs  somewhat  over  twice  the  rhdar  be  am  width  of  storage.  The  'moving  window' 
detector  requires  the  storage  of  data  for  one  btam width  and  has,  for  a  given  false  alarm  rate,  the 
highest  probability.of  detection  of -ny  of  these  methods. 


2.  9  The  azimuth  resolution  varies  from  one  detection  method  to  another.  In  general  terms,  those 
detectors  which  attempt  to  resolve  targets  separated  by  less  than  the  radar  beamwidth  also  produce  a 
high  proportion  of  target  splits,  due  to  missing  hits.  Azimuth  accuracy  also  varies  between  the  methods, 
those  widen  retain  the  complete  hit  pattern,  like  the  ’moving  window1,  providing  the  best  performance. 

2. 1C  At  this  point,  the  two  common  methods  of  organising  storage  of  hit  data  should  be  mentioned. 

One  way  is  to  allow  a  separate  range  bin  for  every  possible  hit  position  during  a  p.  r.i. ,  over  the  complete 
beamwidth,  arranged  so  that  they  are  addressed  by  a  real-time  range  word.  This  is  called  range  - 
oriented  storage.  .Alternatively,  one  may  retain  only  the  actual  hits  received  by  storing  their  range  in 
any  chosen  location.  When  storing  a  new  hit  in  this  fashion,  its  range  must  first  be  compa:  id  with  others 
in  storage.  If  the  ranges  are  within  some  selected  tolerance  of  each  other  the  new  hit  enters  the  detector 
storage  at  the  original  address;  if  they  are  not  within  the  tolerance,  a  new  address  is  sel  cted  for  the 
new  hit.  This  is  frequently  referred  to  as  address -oriented  storage. 

2.11  Address -oriented  storage  is  used  in  order  to  save  storage  but  can  becom  t  ...rated  if  a  large 
number  of  hits  are  received.  Range-oriented  storage  cannot  saturate  and  is  essential  for  most  types  of 
clutter  -  elinination . 

2. 12  Range  orier.i»d  storage  yields  range  resolution  which  is  limited  by  the  chosen  granularity  of  the 
range  bin  (or  the  radar  pulse  width,  whichever  is  greater).  The  range  resolution  of  address-oriented 
storage  is  limited  by  the  correlation  tolerance.  In  both  cases,  the  reporting  accuracy  of  range  may 

be  much  higher  than  the  resolution;  typically  £  mile  resolution  but  1/18  mile  accuracy. 

2. 13  For  each  application  it  would  be  possible  to  assesB  the  storage  and  detector  costs  necessary  to 
achieve  the  desired  extractor  performance.  However,  even  with  the  present  cost  of  storage,  a  range- 
oriented  'moving  window*  system  may  often  provide  the  most  effective  extractor.  It  combines  high 
probability  of  detection  with  high  range  and  azimuth  accuracy,  has  adequate  range  resolution,  is  non¬ 
saturable  and  has  azimuth  resolution  realistically  related  to  the  radar  beamwidth. 

2. 14  After  the  plot  extraction  process,  there  will  be  a  certain  probability  of  real  plot  detection  (Pjy) 
and  a  certain  probability  of  false  plots  (Pp^).  When  consideration  is  taken  of  targets  in  termal  noise 
alone,  Pjy  and  PpA  may  be  optimised  by  adjusting  the  parameters  of  the  hit  and  plot  detectors.  For  a 
particular  extractor  there  will  be  mathematically  expressible  functions  connecting  them.  Figure  1  shows 
a  graph  of  (final)  Pq  against  signal-to-noise  ratio  for  a  fixed  PpA  of  10"6,  corresponding  typically  to  2 
or  3  false  plots  pej  antenna  rotation.  This  figure  is  for  a  'moving  window'  extractor  optimized  for  a 
radar  producing  a  theoretical  16  hits  per  3dB  beamwidth. 

2. 15  Clutter  Elimination 

When  false  signals  are  present  of  comparable  amplitude  to  wanted  signals  and  which  are  not 
distributed  according  to  any  well  defined  probability  function,  extra  processing  must  be  introduced. 

Such  processing  may  be  applied  within  the  radar  receiver  with  great  effect  against  certain  types  of 
clutter.  Alternatively  or  additionally,  a  further  statistically  derived  function  may  be  introduced  into 
the  plot  extractor.  Such  a  function  would  attempt  to  retain  a  constant  false  alarm  rate,  at  the  expense 
of  detection  probability,  by  assessing  the  clutter  distribution  surrounding  the  current  detection  window. 

-  ♦ 

2.16  As  mentioned  earlier,  range-oriented  storage  permits  this  assessment  by  providing  a  complete 
ar^ta  of  hit  pattern  which  can  be  analysed.  Systems  incorporating  this  method  have  achieved  considerable 
success.  Figure  2  shows  the  type  of  function  used  to  maintain  a  'moving  window’  detector  at  o  constant 
false  plot  rate  of  10~5.  The  independent  variable  is  the  sum  of  the  hit  pattern  over  a  carefully  chosen 
area  surrounding  the  extraction  window,  and  the  dependent  variable  is  the  leading  edge  threshold  to  be 
applied  to  that  window  c; 

2.17  The  limitation  of  false  plots  due  to  clutter  is  especially  important  where  the  extracted  data  is 
to  be  transmitted  via  a  narrow  band  link,  which,  by  definition,  will  have  a  relatively  restricted  message 
handling  capability.  With  the  display  system  at  the  same  site  the  problem  may  not  be  so  acute  although 
the  display  system  itself  will  have  a  finite  capacity. 

2.18  Secondary  Radar  Extraction 

With  secondary  radar,  the  problems  are  somewhat  different.  To  start  with,  the  hit  detector 
is  not  concerned  to  any  great  extent  with  thermal  noise,  but  on  the  other  hand,  it  must  recognise  time 
intervals  to  a  high  accuracy,  so  as  to  extract  valid  code  pulses,  whilst  taking  account  of  .ouch  problems 
as  garble  and  interleaving.  In  fact,  the  'hit  detector'  expands  to  become  a  system  element  in  its  own 
right,  which  is  common  to  both  automatic  and  manual  secondary  radar  systems. 


34-4 


2.10  The  plot  detector  also  has  different  tasks  to  perform.  Fruit,  i.e,  non- synchronous  secondary 
returns,  must  be  eliminated,  and  the  extractor  must  compare  and  validate  uic  12  bit  codes  associated 
with  each  target.  Since  three  mode  Interlace  interrogation  is  now  common  practice,  storage  must  be 
available  for  a  very  minimum  of  36  extra  bits  of  data  with  each  plot  as  compared  with  a  primary  extractor. 

2.20  In  general  terms,  secondary  extractors  must  handle  much  more  real  and  wanted  data  than 
primary  extractors  for  a  given  target  density,  but  the  elimination  of  unwanted  data  is  simplified.  The 
actual  plot  detector  type  is  much  less  important  end  clutter  elimination  is  unnecessary. 

2.21  Combined  Extraction 

When  extracting  data  from  both  primary  and  secondary  radars  which  are  co-located  and 
synchronized  in  rotation  and  pulse  repetition  frequency,  an  extractor  may  operate  on  both  simultaneously, 
and  correlate  in  real  time  the  primary  and  secondary  return*  from  the  same  aircraft.  This  will  reduce 
the  data  to  be  transmitted  to  the  display  site;  typically  this  saving  could  be  as  high  as  25Jo  of  line  time. 

2.22  There  does  exist,  however,  a  finite  possibility  that  two  returns  will  not  correlate,  and  this 
possibility  rapidly  increases  with  any  separation  between  the  two  antennae.  With  a  separation  of  say 
240m,  the  probability  of  non-correlation  in  range  is  approximately  as  shown  in  Figure  3.  The  law 
relating  the  probability  of  range  splitting  to  azimuth  is  very  nearly  sinusoidal,  and  splits  may  be  reduced 
by  arranging  for  the  trigger  of  one  radar  to  be  delayed  by  a  simple  function  of  the  azimuth.  Figure  4 
shows  the  resultant  decrease  in  split  probability. 

2.23  Non  correlation  in  azimuth  is  not  of  such  great  concern,  due  to  the  relatively  low  azimuth 
resolution  of  the  radars,  although  it  must  be  borne  in  mind  that  even  in  the  perfectly  co-located  condition, 
azimuth  splits  may  arise  due  to  the  different  hit  patterns  which  could  be  received  from  the  two  radars. 

2.24  Where  the  two  radars  are  so  separated  that  azimuth  splits  become  troublesome,  or  alternatively 
where  the  radars  are  not  synchronized,  it  is  necessary  to  use  independent  extractors  and  to  perform 
correlation  as  a  separate  function.  To  retain  the  saving  in  data  transmission  time  it  is  preferable  to  do 
this  at  the  radar  site,  possibly  using  a  hardware  correlator.  If  however,  any  processing  is  required  at 
the  radar  site  of  a  type  which  is  best  done  using  a  general  purpose  computer,  then  the  computer  itself 
may  additionally  perform  the  correlation.  Alternatively,  at  the  expense  of  data  transmission  time,  the 
correlation  can  be  carried  out  in  the  display  processing  computer. 

2.25  Track  Feedback 

If  tracking  is  introduced,  there  exists  a  very  attractive  further  extension  to  the  system;  dynamic 
detection  criteria  control,  (DDCC).  This  process  closes  the  loop  between  plot  detection  and  tracking  and 
begins  to  resemble  the  human  operator. 

2.26  When  a  track  has  been  established,  the  detection  criteria  in  an  area  surrounding  the  targets 
next  predicted  position  are  deliberately  lowered  from  their  normal  setting.  This  results  in  a  small 
increase  in  false  plot  rate,  but  yields  a  large  increase  in  track  confidence. 

2.27  If  tracking  and  extraction  are  carried  out  at  different  locations  the  need  for  reverse  data 
transmission  may  introduce  organizational  and  storage  problems.  For  this  reason  it  appears  likely  that 
hiture  plot  extractors  will  have  some  limited  in-built:  hardware  tracking  facilities,  even  if  final  tracking 
is  performed  oy  a  remote  software  processor. 

3.  DATA  TRANSMISSION  REQUIREMENTS 

3.1  Plot  extractors  are  frequently  located  at  radar  sites  remote  frem  the  centres  at  which  the  data 
is  required.  In  systems  for  air  traffic  control,  now  operational  or  in  the  planning  stage,  data  is  being 
sent  over  distant  s  of  several  hundreds  of  kilometres .  Use  is  being  made  of  narrow  band  channels  within 
existing  microwave  communications  links,  or  in  some  cases  of  leased  telephone  circuits. 

3.2  In  typical  systems  data  rates  of  some  2400  bits  per  second  are  required  to  cover  the  transmission 
of  primary  radar  extracted  targets.  With  s.  s.  r.  data  included,  data  rates  of  about  twice  this  value  are 
required.  To  guard  against  transmission  errors  it  is  usual  to  provide  simple,  single  dimension  parity 
checking  systems.  Whilst  this  affords  no  possibility  of  error  correction  there  is  little  requirement  for 
this,  since  a  revised  data  package  on  each  target  is  normally  avail-bit.  one  antenna  rotation  later. 

3. 3  The  data  transmission  rate  required  can  l  e  reduced  by  carrying  out  tracking  at  the  radar  site, 
in  this  way  full  track  data  or.  each  target  need  only  be  aekt  occasionally,  with  track  correction  data  being 
sent  more  frequently,  at  a  maximum  rate  corresponding  to  once  per  antenna  rotation.  However,  such  a 
system  relies  more  heavily  on  the  integrity  of  the  data  transmission  system,  so  that  mare  sophisticated 
error  detection  and  error  correction  techniques  must  of  necessity  be  introduced.  Further,  the  demands 
on  u  tracking  computer  located  remotely  from  the  display  centre  are  much  more  severe  if  ad ’.'ant  age  is  to 
be  taken  of  the  possibilities  of  lower  data  transmission  rates.  In  such  a  case  fully  automatic  track  initiation 
is  essential,  otherwise  data,  possibly  of  importance,  will  be  prevented  from  reaching  the  display  system. 
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4.  DISPLAY  PROCESSING  REQUIREMENTS 

4. 1  When  we  come  to  the  question  of  displaying  plot  extracted  radar  aata  for  air  traffic  control 
systems  several  possibilities  exist.  In  all  cases  some  processing  is  required,  in  the  simpler  cases  this 
can  readily  be  carried  out  uring  special  purpose  processors.  For  more  sophisticated  applications  stored 
program  computers  are  more  applicable. 

4. 2  Invariably,  there  is  a  requirement  to  carry  out  conversion  of  the  position  data  from  polar  to 
cartesian  co-ordinates.  In  the  simplest  display  system  this  is  really  the  only  processing  required,  in 
which  case  the  co-ordinate  conversion  may  most  conveniently  be  carried  out  using  special  purpose 
hardware.  This  can  either  be  implemented  within  the  plot  extractor  or  within  the  display  system. 

4. 3  The  simplest  display  system  may  in  fact  involve  no  more  than  receiving  plots  from  the  extractor 
and  painting  a  position  symbol  on  the  display  at  the  appropriate  position.  Using  a  long  persistence 
phosphor  the  display  is  then  similar  to  a  conventional  radar  p.  p.  i.  display.  Although  there  is  no  longer 

a  rotating  spoke  on  the  display,  the  plots  are  nevertheless  painted  more  or  less  in  synchronism  with  the 
antenna  rotation  so  that  a  rotating  effect  is  obu^:  vable.  If  a  background  map  is  required,  this  may  most 
conveniently  be  produced  synthetically  using  digitally  controlled  vtctor  generation  techniques. 

4. 4  In  such  a  system  there  is  no  particular  problem  o  ‘  display  writing  speeu.  Using  displays  of 
only  moderate  performance  the  time  required  to  paint  the  arriving  plots  is  quite  insignificant,  so  that 

a  great  deal  of  time  can  be  devoted  to  writing  a  synthetic  background  map.  Maps  of  moderate  complexity, 
comprising  typically  some  500  vectors  can  readily  be  written  under  these  circumstances  at  a  refresh  rate 
of  20  times  per  second. 

4. 5  To  provide  a  bright  display  the  plots  must  ale  >  ne  stores  =j?d  then  written  on  to  the  display, 
preferably  at  refresh  rates  of  20  times  per  second  or  mere.  Arrangements  can  be  made  for  retaining 
plots  from  earlier  antenna  rotations  and  painting  them  at  lower  intensity  so  as  to  produce  a  radar  'trail'. 
The  plots  can  be  labelled  with  identity  and  height  information  using  sec-rii&ry  radar  data. 

4. 6  Such  a  system  requires  displays  having  higher  writing  and  recovery  speeds.  Even  so,  a 
compromise  has  to  be  reached  depending  on  rhe  parameters  of  the  particular  system,  so  as  to  apportion 
the  available  time  between  writing  plots  and  writing  synthetic  maps.  In  a  typical  Bystem  currently  being 
implemented,  a  plot  capacity  of  some  1000  plots  or  trail  positions  is  provided,  together  with  a  synthetic 
map  capability  of  some  300  vectors. 

4. 7  At  the  next  level  of  sophistication,  tracking  can  be  introduced.  In  civil  air  traffic  control  this 
is  not  likely  to  be  implemented  except  in  systems  which  include  plot  extraction  of  secondary  radar.  The 
track  labels  may  now  be  used  to  provide  pertinent  flight  information  for  which  controllers  would  otherwise 
need  to  refer  to  flight  strips  or  some  other  data  display. 

4. 8  In  such  systems  the  use  of  4096  discrete  codes  provides  a  powerful  means  of  automatic  track 
initiation  ’.nd  tracking  can  be  used  very  effectively  on  secondary  radar  only.  However,  it  is  well  known 
that  the  -craft  antenna  designer  has  considerable  difficulty  in  producing  an  antenna  with  an  isotropic 
radiation  pattern.  In  consequence  secondary  radar  responses  are  apt  to  fade  at  crucial  points  in  an 
aircrafts  flight.  For  this,  and  other  reasons,  the  ability  of  the  system  to  continue  tracking  on  primary 
radar  data  is  of  the  utmost  value. 

4. 9  Systems  are  in  operation  using  the  processes  described  and  mere  are  currently  being  planned. 

We  may  now  look  forward  to  a  decade  in  which  considerable  effort  will  be  put  into  refining  the  basic 
techniques  and  improving  their  implementation. 
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SUMMARY 

In  this  pa  par  o  strategy  for  simultaneous  tracking  of  many  targets  by  a  phased -array-radar  system  is  described.  The 
accuracy  of  each  hack  is  defines*  by  a  limiting  volume,  so  that  the  probability  of  the  target  to  l<e  outside  vanishes 
exactly.  Errors  In  locatioo  and  limiting  values  for  the  cinematical  behaviour  of  the  targets  are  taken  into  account. 

The  expectation  value  of  the  total  costs  for  tracking  a  fixed  number  of  equio‘istribut*d  objects  of  one  kind  is  calcu¬ 
lated.  It  depends  strongly  on  the  accuracy  of  the  track  and  the  number  of  stored  echoes.  Because  no  smoothing  methods 
are  used,  we  easily  cap  evaluate  the  density  of  the  distance  between  the  target  and  the  center  of  the  expectation 
volume.  There  is  a  simple  relationship  between  the  implied  cinematics  and  the  tracking  costs,  so  that  the  advantage 
of  adoption  during  the  tracking  of  a  target  can  be  derived  approximately. 

INTRODUCTION 

Far  the  control  of  a  phased-array-radar  (PAR)  system  a  computer  is  neccessory,  which  especially  has  to  start  and  serve 
the  different  phases  of  processing.  So  the  antenna  resp.  digiio (extractor  is  linked  up  with  the  computer  much  more,  than 
this  is  the  case  with  common  surveillance  radar  sets.  Frcm  this  it  can  be  concluded,  that  the  quality  of  operation  depends 
not  only  on  the  hardware,  but  is  strongly  influenced  by  the  program-systems  brought  into  action. 

By  using  the  stored  information  from  the  post,  the  advantage  of  a  PAR  system  moreover  lies  in  the  possibility,  to  send  the 
concantrated  energy  In  such  regions  of  space,  where  observations  probably  will  give  much  information.  For  using  this 
reality,  suitable  strategies  and  algorithms  are  to  be  searched  far.  While  with  common  surveillance  rodsr  all  space  ranges 
are  scanned  for  equidistant  times,  with  PAR  we  can  vary  the  sampling-periods  and  adopt  the  decision  thresholds  to  opti¬ 
mize  the  whole  system. 

Roughly  simplifying  we  can  distinguish  three  phases  of  processing 

1 .  The  searchmode:  In  this  mode  the  PAR  system  is  controlled  by  a  special  processings Igorithm  {see  for  instance  1)  , 
which  aims  at  a  most  rapid  and  sufficient  secure  acception  of  new  flying  objects  at  the  border  of  the  range.  For  opti¬ 
mizing  she  searehstrategie:  there  are  many  different  criteria  depending  on  the  operation  of  the  whole  system. 

Especially  at  the  border  of  the  range  the  received  signals  in  this  mode  consist  of  true  but  also  of  lots  of  false  ones,  which 
ate  transmitted  into  storage  buffers.  A  discrimination  between  true  and  fslse  signals  or  a  separation  of  the  built  up  false 
traces  can  without  additional  Information  only  be  realized  by  aberrations  of  correlations  in  space  and  time.  The  implied 
strategies  influence  the  probability  of  escape,  because  only  a  portion  of  limited  depth  of  the  range  can  be  processed 
during  this  mode. 

2.  The  mode  of  tracklnitSation:  In  this  mode  of  processing  the  discrimination  between  true  and  false  signals  is  accom¬ 
plished  end  the  frackphaic  Is  started.  In  special  oases  of  Interest  identifications  are  undertaken  and  cine  metical  para¬ 
meters  and  Intentions  ere  estimated. 

3.  The  trackmode:  It  is  the  responsibility  of  this  mode  to  process  ail  traces,  which  are  controlled  in  the  range  of  sur¬ 
veillance.  Because  each  additional  .can  of  a  target  will  give  rise  to  costs  (time  resp.  energy),  adaptive  strategies  are 
tab#  set  up,  which  minimize  the  whole  tracking  costs.  We  here  only  consider  this  phase.  A  trackphilosophy  hes  to  imply 
a  variety  of  &  priori  unknown  or  only  partly  known  faetst  monoevres  of  the  tracked  objects,  to  escape  for  instance. 
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decision  errors,  which  give  Finite  detection  and  faiseaiarm  probability,  clutter  and  location  errors  of  statistical  or  sys¬ 
tematic  kind.  The  consequence  of  these  facts  can  be  untimely  cancellation  of  true  traces,  branching  and  instability 
induced  by  processing  false  traces. 

So,  generally,  there  is  no  untfom  best  trackphilosophy,  because  actually  the  special  assumptions  on  the  above  mentioned 
facts  and  further  requirements  are  to  be  involved.  If  you  know,  that  the  possible  monoevres  of  the  objects  of  interest 
(described  by  maximum  values  of  accelerations  across  and  parallel  to  the  velocity/  Q  resp.  B  )  are  small,  smoothing 
methods  are  used.  8ut  if  you  have  to  expect  a  high  mobility,  it  may  be  better  to  study  the  cinsmaticol  restrictions  more 
exactly  .  The  limits  between  these  two  aspects  are  not  sharp,  so  adaptive  branches  are  part  of  a  more  sophisticated  tracking 
logic. 

By  definition,  a  trace  in  the  computer  consists  of  a  cyclic  list  of  space-time-points  of  passed  locations  of  one  object.  For 
continuing  a  trace,  new  positions  are  required  for  definite  rimes.  To  this,  estimated  positions  are  to  be  transmitted  to  the 
antenna-system,  which  essentially  define  the  center  of  a  spatial  expanded  expectation  volume  (EV).  In  this  area,  possib¬ 
ly,  a  search  with  more  than  one  antenna  position  is  started  for  localizatio..  of  the  expected  object.  The  membership  of 
dates  (  r,  *&,  Ip ,  t)  to  a  given  trace  is  defined  by  belonging  to  the  Joined  F.V. 

We  now  come  to  assumptions  defining  our  model:  Let  the  characteristic  of  the  search-psncllbeam  be  nearly  square  with 
a  width  of  ^  *  *  0.5  dgr.  In  and  tp.  In  the  case  of  a  detection  a  measuring  of  and  (pup  to  £  =  t  0.1  dgr.  in 
and  Ip  lakes  place.  We  assume  a  quantization  of  the  distance  r  to  the  radar-center  of  A  r  *  150  m  and  take  a  range 
of  150kn* .  For  numerical  results  we  take  a  meanvalue  cf  the  decision  length  (target  or  no  target)  at  one  antenna  position 
of  T=  5  ms.  "Y  denotes  the  time  spent  far  position  measuring.  We  set  y* X  . 

Further  we  assume,  that  only  one  accuracy  for  all  tracked  targets  is  required,  although  this  Is  immaterial  to  our  algo¬ 
rithm.  For  the  maximum  values  B,  Q  we  take  2.5  resp.  10  m/sec 2.  We  started  from  tracking-logics  for  Monarador?)  and 
Multlradar^)  as  they  are  developed  and  studied  theoretically^). 

EXPECTATION  VOLUMES 

Let  t1>t2>...>tfq  be  a  sequence  of  scan-times  for  one  target  and  let  qq  denote  the  joined  received 

positions.  Each  localization'^  will  have  errors  e-  with  densities,  that  are  independent  of  I  and,  os  on  assumption,  vanish 
outside  a  sphere  of  o  certain  radius  p.  Consider  the  set  of  ell  cinema t$ col  possible  curves  1?t)  with  accelerations  *q(t) 
and"b(t)  across  rasp,  parallel  to  the  actual  velocity  and  q(t)  *K  Q  rasp,  b  (t)  rat  B  for  all  t,  so  that  the  locations 
In  spacetime  could  be  passible.  If  we  calf  these  curves  permissible,  V(t;tj,  is  defined  as  the  pointset  of  aii 

passible  endpoints  of  permissible  curves  *?(t)  at  time  t.  By  listing  the  times  t;  behind  the  symbol  V  we  express  the  fact,  that 
these  locations  are  taken  into  account  constructing  the  expectation  area  V.  We  therefore  have 

V(t|t|,  ...  ,  tN)  CT  fl  V  (t}tj,t|,) 
i*k 

let  V  be  the  volume  of  the  pointset  V,  then  it  follows 

V(t(t|,  ...»  fjs|)  ^  min  V(t|tj,  fj^) 

So,  for  on  estimation,  we  are  only  to  calculate  the  EV  basing  an  two  locations  In  past.  By  the  minimum  condition  the  EV 
depends  an  all  locations  in  the  course  of  time. 

In  fact,  the  pure  cinematics!  EV  basing  on  two  locations  is  difficult  to  calculate  exactly  5)  and  Is  distorted  by  the  petition 
errors'? drastically.  But  if  the  timo  distances  cf  scanning  are  short  we  get  approximately  a  cylindrical  area  with  radius  L 
and  depth  I  by  expansion  for  small  angles. 

L*  |  *Q(t-t,).(t-t2) 
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So  we  get  for  the  pore  clnemntleol  portion  of  the  EV 

Vein  -  J  BQ2(t-t,)3.  (t-t2)3  . 


We  now  consider  the  errors  of  location  by  a  worst-cos*  estimation.  First  we  state,  that  the  volume  of  location  Is  cylin¬ 
drical  too.  To  get  rid  of  direction  depending  errors,  we  circumscribe  the  velum*  of  location  by  a  sphere  of  radius  d  :n 
the  distance  r 

[('  £) 2  "(-V-)2  1  m  . 

Let  us  now  assume  that  the  error-vector  e  Is  equldlstrlbuted  In  this  sphere,  as  this  would  be  the  case  for  deviations  that 
stem  from  quantization.  To  consider  the  error-propagation  we  have  to  put  a  layer  around  the  cinemotlcal  EV  of  a  depth 

2t-H-t2 

"  >f- V 


and  therefor*  get 


V(t,t?,t2)  =  f  BC^Ct-t,)3.  (t-t2)3 

+  it  Q (8  +  Q/2)  d  (t  - tj  )2.  (t  - 12)2 


+  &  V  . 


t,  -t2 


2t-t1-t2 
♦l  -‘2 


wi,-^  o  •«  -in  d3 . 

3 

In  the  Smiting  ease  cf  small  accelerations,  V  reduces  to  the  stretched  volume  of  location  because  we  don' t  uso  ony 
smoothing  methods.  For  small  d  or  large  B,Q«values  the  cinemotlcal  portion  of  the  EV  dominates.  Because  we  started 
from  an  expansion  for  small  angles,  our  EV  Is  Independent  of  velocities. 

Let  us  go  over  to  equidistant  scans  in  time  and  let  be  t*0;  tj  *  -mT;  t2=*  -nT,  then  we  get 

V  (Tjm,n)  *  An^m^T® +Bn2m2  S  T*  +  AV 

'  n-m  y  n  -  m  / 

A-ij.  8Q2;  B*  llQ(B+Q/2)d  ;  n  >  m  . 


For  given  values  of  T,8,  Q  and  r  we  get  m,n  from  the  minimum  condition 


V  (  T  *  m,  n  )  — . min 

The  result  is  unique:  m  *  1  and  n  *  n°  (T,  B,  Q,  r).  For  small  sampling  periods  T  and  especially  for  great  distances  r 
we  have  n°>2.  Really  n  is  limited  by  the  length  of  our  list  of  stored  plots. 

By  selecting  an  optimal  n  rasp,  choosing  an  appropriate  set  of  locations  from  the  list,  we  balance  the  enar-prapogatlon 
against  the  Increase  of  the  EV  by  nanoevres.  For  determining  n0  see  the  result  on  Fig.  36-1 . 

The  so  calculated  EV  Is  expended  around  the  center 

n  *  n  <■  II _ !h  ( ♦  - 1. ) 

»!  -  »n 

and  contains  all  endpoints  of  permissible  curves. 


.*-- -A  :•■■-:  i*-:  W.  1  J.-'-r- 


36-5 


f 

?- 

I 

? 

i 


! 

i 

I 


i 


* 

i 


So  we  too,  mar  A^/p  doe*  nor  depend  strong!/  on  different  pnrameters  ana'  AQ  / p  tokos  on  a  vuiuo  of  .3  in 
nvderote  distances  r.  As  !s  to  bo  <m>;med,  the  error-portion  of  the  2V  h  after  balancing  strong!/  apparent.  !f  we 
calculate  the  maximum  of  the  demit/  for  q  s  Q,  which  was  the  value  to  generate  the  EV,  we  get  nearly  A  =  JT  . 

If  this  value  Is  compared  with  Aq  it  follows 

I/Ae  »  7/  n® 

for  large  n°>2,  for  instance  at  the  border  of  the  range  or  for  small  distances  r  the  influence  of  the  cinematics  is 
diffuse.  In  moderate  ranges  we  have  £  /  A 0  £{  2. 

This  behaviour  is  shown  by  simulations,  fig.  36-2  demonstrates  some  typical  densities  G. 

We  conclude,  that  without  smoothing  no  relevant  cutoff  of  the  EV  can  be  obtained  because  the  densities  reach  ot  the 
border  of  the  EV. 

FORMULATION  OF  THE  ALGORITHM 


The  relation  of  received  plots  to  processed  traces  is  defined  by  the  EV.  Being  comparatively  large,  these  EV  may  contafr. 

msre  than  one  signal,  so  that  branching  cannot  be  excluded  (creation  of  parasites).  Falsa  branches  either  diverge  from 

the  true  trace  or  -  in  mast  cases  -  will  converge  and  be  absorbed  after  some  time.  A  branch  or  a  trace  is  car.colled, 

if  no  signal  can  be  found  after  defining  appropriate  decision  thresholds.  We  now  study  the  scan-period. 

Higher  scorj-rates/troce  generally  will  give  a  better  track-accuracy.  We  introduce  a  free  parameter  Va,  which  describes 
• 

the  maximum  allowed  inaccuracy  of  a  track  in  the  course  of  time.  Our  expectation  volumes  ore  upper  limits  of  inaccura¬ 
cy  and  increase  with  the  time  t.  Not  to  cross  the  limiting  volume  V0»  the  next  scan  is  required,  if  the  actual  volume 
of  the  Joined  EV  is  equal  to  -  or  larger  than  -  V0.  This  algorithm  leadh  to  loco  I  equidistant  scons  In  time  with  o  period 
T0(n,V0,r,B  ,Q )  independent  of  engies. 

At  the  scan-times  the  EV  possibly  decomposits  in  more  than  one  of  elementary  cells  because  of  the  limited  width  of  the 
pencil-beam,  whose  processing  will  give  additional  costs.  For  calculating  the  number  of  ceils  we  circumscribe  the  EV 
by  a  sphere  of  radius  p  (T; n,r).  For  all  cases  of  interest  we  have  Q  definitely  larger  than  B,  so  we  get 


2 

P  (T,n,r)» 


G2+B2 


n2T*  +  QT2dn 

n  -  1 


+ 


(~f)2 


where  n  indicates  the  second  used  data  set  in  the  list  of  the  considered  trace,  if  we  call  6  the  Ic  ai  width  of  the  pen¬ 
cil-beam,  8  =  ^  r,  the  number  of  cells  approximately  can  be  expressed  as 

F(T,n,r)*mox  (  1,1+^  (p/fc)2  ) 

It  is  not  very  effective  to  use  directional  information  here. 

Now  we  change  over  to  the  local  track-costs  for  one  target  in  the  distance  r.  let<Tr.loco!>be  the  fraction  of  the  unit 
of  time,  that-in  the  sense  of  a  timooverage-ls  used  for  tracking  a  target  in  fixed  distance  r.  We  hove 

<Tr.locol>  - 

T 

where  T  2  Tc  (n,VQ ,  r,B,Q )  is  the  really  tuned  scan-period.  We  get  n  and  T  from  the  following  minimum  condition 

<Tr.local>  - ►  min 


It  follows,  that  for  large  distances  r  from  the  radar  center,  T  will  be  equol  to  Te  ,  vrhis*  for  moderate  and  especially 
small  r,  or  for  big  volumes  V0,  T  comes  out  smaller  than  TQ,  to  minimize  the  local  hack-costs.  Differently  expressed. 


•  -  *  “  \-  '  -^cfc^vwrcss 


V3  5*  not  reached  in  all  port*  of  the  range.  <  Ti  .local  )£!l  indicate*  an  instabit  mode  of  operation  Induced  by  too  big!) 
an  accuracy.  V0  can  bo  chosen  dmeraii!/  ft-t  each  true;  and  car.  be  varied  In  the  cavtse  cf  time;  1st  *?*  concede,  that 
too  peulmijtic  an  assumption  of  the  cost*  for  searching  the  elementary  cell*  is  implied,  becaute  there  exist  strategies  to 
find  a  known  number  of  target*  in  a  limited  volume  cf  space,  that  manage  with  smaller  co*t*  »  work  in  this  direction  » 
not  completed.  So  we  get  here  as  on  result,  that  nearly  all  over  the  range  we  have  only  one  cell}  l:  *  1 . 

At  the  end  w*«  list  some  consequences  of  the  obove  algorithm 

1 .  For  given  •ralues  of  V0r  r  the  optimal  chosen  n  does  In  very  good  approximation  not  depend  on  B  and  Q. 

2.  For  given  values  ©f  V  r  the  optimal  scan-period  T  as  a  function  cf  the  accelerations  B,Q  varies  os 


T  (XB,XQ)  “  -yJ=- 

3.  The  focal  track-costs  f  in  good  approximation  follow  the  relation 


T  ( B,Q  ) 


f{X&,  XQ)  *»  VXf(B,Q). 


4.  The  Inccl  scan-algorithm  Is  stabll  agolnst  fluctuations  In  the  scon-timei  and  converges  In  a  few  seconds  *o  equidistant 
scans  in  time  after  changing  the  V0  or  B,Q  parameters. 

5.  For  the  time-average  of  the  track-inaccuracy  we  get  with 


OX,  T,V.  mf  f*  Vn,Vo  ( 1  > 

<v>.,r,v.  “  s  v«  *  r  iv  (frf)3  . 


GLOBAL  TRACK-COSTS 


For  the  sake  of  simplicity  we  consider  a  surveillance  ana  of  range  R,  heigh  h  (20  km  for  numerical  results)  and  of  points 
with  r3th.  Let  p  (r)  denote  the  density  of  objects  to  be  tracked  In  a  distance  r 


fR 

J  rdr  •  p  (r) 


For  a  given  number  N  of  Independently  tracked  objects  (he  Integrated  track-carts  are 

¥*  t  F 

rdrp{r)  min  - - — 

—  *  — 


with  the  above  defined  expression  T  end  F,  where  T  obeys  the  equation 

V**.*  *iv(frf)3  . 

Here  we  have  implied,  that  the  whole  system  operates  In  the  stability  region  :  <  Tr./sec>  definitely  smaller  than  1 , 
so  that  tracking  of  dlffersnt  objects  works  independently.  If  we  only  state,  that  N  traces  are  to  be  continued,  the  time-' 
average  of  the  casts  con  be  evaluated  by  assuming  that  these  objects  fly  randomly.  So  we  get  p(r)-V(R2-h2)by 
phase-specs  arguments  t  g 

<  Tr./sec  >  *  -----  •  f  rdr  min  ~  - y-  ^ 

*2-k*  {  T*T.  T 
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For  given  values  of  8,Q  and  know  behaviour  of  tha  position-noise  the  global  track-costs  at  a  ilneer  function  of  N 
depend  on  the  linking  volume  V_  and  the  maximum  number  of  stored  plots.  Figure  36-3  shows  this  set  of  curves  for  a 
fixed  number  of  N  =  50,  From  the  asymptotic  behaviour  of  the  costs  fo «■  large  V0  wo  get  the  smallest  possible  costs  for 
50  equldistributed  objects.  Because  V0  has  to  be  larger  than 


AV 


( 


n  +  1  v  ^ 

n-  1  J 


the  curves  consist  of  several  branches, 

ADAPTION 

After  finished  classification  resp,  for  other  reasons  an  adaption  can  be  obtained  by  associating  appropriate  B,Q-values 
to  different  traces.  By  distributing  special  VQ  parameters  to  different  targets  according  to  their  importance  an  adaption 
can  be  reached  too.  In  these  cases  our  algorithm  needs  no  modification,  because  V0  and  l,Q  can  be  changed.  Following 
the  above  result,  we  see  that  by  reducing  the  B,Q~values  by  a  factor  X  the  costs  for  tracking  will  decrease  by  at  most 

VT. 

Without  discrimination  between  classes  of  flying  objects,  try*  Interesting  are  adaptive  strategies  for  objects  with  large 
nobility.  We  have  described  the  motion  of  a  target  by  means  of  a  Markov-process  and  the  construction  of  the  joined 
trace  in  the  computer  by  methods  of  Markov -chains.  So  we  got  estimations  for  the  advantage  of  adaption  by  studying 
the  ergodtc  properties  of  the  underlying  chain.  For  discrimination  between  several  manoevres,  sequential  decision 
procedures  of  high  speed  are  available,  whose  GC-function  portly  defines  the  ccetfunciion. 

For  the  special  case  of  only  two  classes  of  mobility  G,K  with  Q  =  5  resp.  G  =  20  m/sec2  (  B  =  Q/4  )  Tab.  36-6 
shows  approximative  results  for  the  save  of  costs  for  one  target  in  the  course  of  time.  The  results  depend  on  the  average 
duration  of  state  <G>and  . 
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Tab. 6  Estimated  save  of  cosh  by  adaption  depending  on  tbo  ovewg*  time  of  stare  in  sec 
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SOME  STATISTICAL  RESULTS  COMPARING  DIFFERENT 
TRACKING  LOGICS 

W.A.  Both  and  R.  Fleckner 
FORSCHDNGSINSTITOT  EUR  FUNK  C N3  MATPEMATIK 
5307  Wachtberg-Kerthhoven,  Germany 

SUMMARY 

The  idea  of  a  radar -digitalextractor-corputer  controlled  air  space  resulted 
until  now  in  a  variety  of  track-operators, which  all  have  the  common  objective  to 
approximate  the  real  air  traffic  situation  by  an  adequate  track-net.  In  the  sequel  two 
sensible  functions  are  given  which  in  a  certain  sense  measure  the  quality  of  a  track- 
operator's  approximation  of  a  real  net.  Furthermore,  some  knowledge  ebout  real-  and 
false-track-processes  concerning  a  special  track-operator  is  gained.  As  an  example  the 
functions  are  applied  to  acme  track-operators  based  on  primary  radar  information,  which 
have  been  developed  in  the  "PFM,  Werthboven". 

INTRODUCTION. 

The  automatic  air  space  control  works  with  complex  scanning-  and.  computer  evalu¬ 
ation-systems  ,  that  are  generally  based  on  the  following  principles; 

A  radar  digital  extractor  system  (RDS),/7/,  scans  in  discrete  time  points  the 
momentaneous  air  traffic  situation  and  gives  this  information  as  coordinates  in  a  space¬ 
time  point-grid  to  a  computer  processing  system.  This  system  successively  evaluates  in¬ 
formation,  thus  constructing  a  more  or  less  good  track-net  as  a  mapping  of  the  actual 
air  traffic  situation.  This  net,  stored  in  the  computer,  is  steadily  updated  and  forms 
the  base  for  a  simultaneously  working  automatic  flight-control  and  -guidance.  The  quali¬ 
ty  of  the  track-net  depends  on  the  RDS’s  possibilities  as  well  as  on  the  programmed 
track  logic  (/!/,  /2/,  /5/,  /6/,  /8/) .  In  this  paper  we  will  give  a  sensitive  measure 
for  its  quality,  this  measure  being  realized  by  two  r unctions.  Therefore  we  first  define 
in  1.  the  assumptions  for  the  basic  structure  of  an  ideally  working  track  operator  by 
the  properties  of  the  mapping  given  by  the  operator.  These  are  generalized  in  2.  in  a 
natural  way  to  the  real  case  (RDS-errors! ).  Thg  properties  of  the  mappings  constitute 
ideal  cases,  which  are  only  to  be  approximated  in  realiter  by  track  logics  (program 
systees).  The  need  for  measuring  the  approximation’s  errors  leads  to  the  definition  cf 
adequate  measures  in  3.  For  other  measures  see  A/..  /5/,  In  the  following  section  we 
develops  our  ideas  about  the  creation  of  a  master  tape-track- net ,  gained  from  real  radar 
data  of  a  digital  extractor  (primary  data) ,  see  again  /A/,  /5/.  Finally  we  give  some 
evaluation  results,  which  are  shortly  interpreted.  An  appendix  contains  some  characce- 
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rlstics  of  the  evaluated  mastertapes  as  veil  as  a  sumary  of  the  used  shorteni>v*s. 


1.  THE  IDEAL  CASE.  Assumptions  and  definitions. 


We  assume,  that  there  exists  an  ideal  scanning  system  ATS  being  able  to  give  tlx* 
three  dimensional  coordinates  of  all  flying  objects,  moving  in  the  ATS-controlled  area 
ST,  at  an  arbitrary  time  during  a  finite  time  interval  T.  By  subdividing  the  time  inter¬ 
val  into  discreet  parts  together  with  the  assumptions  (VI),  (V2) ,  (V3),  we  formalize  the 
abcve  mentioned  facts. 

(VI)  A  given  time  interval  T  is  subdivided  into  equidistant  points  t. ,  tj,  . 
t^,  m  C  IN. 

(V2)  over  T  there  exists  a  by  n,  n  €  IN, flying  objects  FO^  generated  air  traffic 
situation  S(t),  changing  with  time,  j  e  {1,  2,  n} ,  tit. 

(V3)  For  all  t  and  all  j  the  coordinates  e^j  of  FO^  are  known,  the  being 
zero  if  and  only  if  FO^  in  not  in  the  controlled  air  space  of  ST;  tit, 
jl|l,  J,  ....  n),  «tj«  R3. 

Bence,  the  curves  PB^  »  FB.j(t)  along  which  the  flying  objects  move  are  Known,  i.e.  each 
curve  can  by  interpolated  by  a  polygon.  Thus  the  vector  FS ^ , 

FS, 


’j 


<8jl*  **•*  *jm)' 


constitutes  a  special  interpolation  polygon  of  the  curve  FBj  with  respect  to  the  support 
points  (VI).  Let  S^s  •  S (c^j  CIR3.  An  equivalent  definition  is; 

*  {P^  /V  j,  j  I  {l,  2,  . . . ,  b}s  Pt  *  IBj  (t^) } ,  1  •  1,  2,  »..,  m, 
i.e.  for  each  element  PC  Pj  there  exists  one  and  only  one  flying  object,  (V2),  so  that 
P  is  it*  scanning  coordinate  at  the  time  t^  (ideal  scanning).  To  identify  the  individual 
FOj  cr  its  scanning  coordinates,  we  introduce  the  identification  K  of  FO^  in  def.  1. 

Def.  1.  Let  PA  c  s^. 

K(P1)  j-j  s<*>?  Pj-FBjf^) 

A  procedure,  being  able  to  correlate  the  t- scans  s^  pointwise  in  such 
a  way,  that  in  accordance  with  the  interpolation  FS^  the  track-net  (set 
of  all  TC.j)  over  T  is  reproduced ,  is  called  a  (semi-real)  track  operator. 
Is  this  procedure  interpreted  as  an  unequivocal  mapping  f ,  wall  defined 
on  S^,  then  we  have: 


*i  **>  ?i 


pi+l  e  si+l* 


Def.  2.  A  polygon  PG  «•  (P.  ,  ,  P>  )  is  called  a  "track",  if  (SI)  and  (S2)  are 

*1  xr 

valid  for  PC. 


(51) 

(52) 


f  (P,  ) 
r 

f  <P,  ) 
*3 


♦  ,  f”l(P,  >  -  ♦ 

n 

P,  ,  j  *  1,  2,  ... #  r— 1. 
ij+l 


Pt  is  called  "track-germ",  p.  "track-end*  end  L(PG)  :*r  length  of  the  polygon  PC. 
’l  Ar 

Def.  3.  f  is  called  "track-operator*. 

Def.  4.  f  is  called  "seni-real*.  if  (II)  and  (12)  are  valid. 


(XI) 


PG  -  (P 


V  " 


,  P,  )  track  (see  def.  2. ) 
r 


'J 


Jt 
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Vj  /  3  €  (if  2#  if  a  f  it}  /  FS^  •  (c  ,  •  •  •  ,  Of  f  •••  |  P^  f  O  |  i « t  f  o ) 

(12)  j  €  {l«  2f  mt  n} 

#  PG,  PG  track  /  PG  a  PSj  (see  (ID). 

(II) ,  (12)  guarantee  for  each  flying  object  the  existence  of  exactly  one  track  PG-FS^ 
and  vice  versa.  Consider  the  imbedding  of  PG  into  FS^  being  implied  (norming  of  the 
dimension) . 

2.  GENERALIZATION. 


In  the  following  we  will  investigate  the  loss  of  scanning  information  compared 
with  ST  by  an  inexact  ATS:  RDS  (f. e  radar  detection  system).  Consider  the  set  system 

{SttjD  ...,  S(tm)}- 

Again  let  r»  S(t^)  C  IK3,  i  ■  1,  2,  ....  m. 

Let  be  the  traffic  situation  as  reproduced  by  an  inexact  technical  device  at  the  time 
t, .  In  general  we  have 

*1  +  Sj^. 

The  probability  for  e  Si^S1  is  called  PE  (detection  prob.). 

pe  -  w  (Pi  e  s^). 

The  probability  for  Pi  $  sir',Si  is  called  PP  (error  prob.,  i.e.  the  probability  for  a 
false  signal). 

PP  -  w  {  Si^Si). 

The  assvmptions  for  the  existence  of  a  n ami-real  track-operator  (No.l)  are  no  longer 
v-'iil id  in  the  generalised  system,  no  complete  information  about  the  air  traffic  situation 
to  the  adequate  interpolation  points  being  given  and  false  signals  coming  up.  This 
seecesssrily  leads  to  a  certain  weighting  of  the  P^  e  S^. 

Def.  5.  (a)  P^  e  is  called  "real"  (real-signal)  if  and  only  if  P^  e  S^S^. 

(b)  P^  e  -is  called  "false*  (false-signal)  if  and  only  if  4  SjAS^. 

In  a  generalized  analogy  to  the  definition  o*  a  track  operator  (semi-real.  No.  1)  we  kave 
to  consider  e  pair  of  mappings  6  -  (f,  f ) ,  where  f  is  to  reproduce  the  lost  information 
in  such  a  way,  that  f,  linked  to  f ,  is  able  to  give  the  above  mentioned  correlation  of 
points.  In  this  sense  let  us  now  consider  the  pair  of  mappings  e  *  (f ,  f)  with 

f  :  —  &1 ,  1  *  1,  2,  ... ,  m. 

f  •  f  *>  1  *»  2,  3,  .«.,  m. 

For  completeness  we  give  in  Def.  6. ,  according  to  Def.  2.  and  Def.  4. ,  the  analogue  de¬ 
finition  for  r-trucks  (real-tracks). 

Def.  6.  (a)  A  polygon  PG  «  (P.  ,  . . .  „  P,  )  is  called  "r-track"  (real-tr«ck) , 

11  r 

if  (SU),  (S22) ,  (S33) . 

(Sll)  f~l  (P,  )  -  ♦,  f(P.  )  -  *  (see  <S1)). 

.  n  .  xr 

(S22)  f  (P,  )  -  P,  ,  j  »  1,  2,  ...,  r-1. 

_  ij.  .  Aj+1 

(S33)  PA  e  f  (Sj  ).  i^  e  {i1#  .. 


irj  C  (1,  2,  ...,  m} 
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Def.  6.  (b)  o  is  called  “real  track-operator*  if  and  only  if  (Ra) ,  (R2)  are 

valid  tor  e. 

<R1>  flS^  -  S1#  i  -  1,  2,  ....  a. 

(R2)  f  seal-real.  •* 

Hence,  a  reel  track -operator  in  the  sense  of  the  definition  has  the  following  properties t 
(Rll)  It  suppresses  the  false  signals,  occur ing  in  Sj,  because  of  P7>o. 

(R12)  It  compensates  the  in  because  of  PE<1  missing  signals. 

(R21)  It  gives  the  real  tracks  of  ST. 

The  problem  is  to  approximate  the  operator  6  under  the  given  assumptions.  In  its  usual 
meaning  a  track-operator  (track  logic)  always  constitutes  a  more  or  less  qualified 
approximation  of  0  by  means  of  a  real  time  processed  program  system.  Any  approximation 
of  e  must  of  course  make  use  of  information  of  the  curve's  history,  if  it  exists.  This 
is  done  in  the  so  called  prediction  part,  which  is  of  eminent  importance  for  any 
approximation,  what  so  ever.  The  inner  structure  of  prediction  parts  (/!/,  /2 /,  /3/, 

/6/)  is  not  investigated,  since  their  parameters  don't  figure  explicitly  in  the  quality 
measuring  functions  yet  to  be  developed.  Furthermore,  in  the  evaluation  with  the  aid  of 
these  functions,  we  restrict  ourselves  to  the  far  prediction  logics  essential  parameters 
SA,  l^,  Bj,  because  they  of  eminent  importance  for  the  very  track-creation  and 
track-pursuit  (see  Def.  8).  B^  is  the  minimal  number  of  algnals  from  a  flying  object,  for 
its  track  to  be  Initiated,  B^  is  the  number  of  the  last  points  of  a  track  being  used  for 
its  prediction  and  nz  the  maximal  number  of  ineffective  successive  predictions,  the 
track  then  being  dropped. 

3.  OH  THE  APPROXIMATION. 

Let  an  approximation  operator  APO  for  the  real  operator  e  be  given.  To  gat 
a  statement  on  the  APO'*  quality  as  required  above,  a  suitable  measure  *.n  necessary. 

Since  the  process  to  be  approximated  is  essentially  a  stochastic  one,  Any  approximation 
will  be  more  cr  less  bad. 

(1)  The  filter  for  false  signals  will  never  operate  perfectly. 

(2)  The  compensation  of  missing  signals  will  never  be  accomplished  perfectly. 

X.e.  the  curve  Interpolation  of  a  single  FOj  will  be  considerably  falsified.  In  fact 
there  will  be  linking  of  real  signals  to  false  signals,  as  well  as  linking  of  real 
signals  frem  different  flying  objects.  .cj*e  flying  objects  will  never  be  traced,  false 
tracks  are  looked  upon  as  real  ones.  7  »e  confusion  degree  (approximation  error)  of  an 
APO  can  be  easily  determined  in  a  natural  way,  comparing  the  ideal  track-net  of  an  ST 
with  the  on#  created  by  the -APO.  Therefore  we  ne<dd  a  function  measuring  the  approximation 
error  with  respect  to  the  ideal  track-net,  and  another  function  measuring  the  tendency 

of  the  ideal  net  to  be  disturbed  by  false  track*  during  its  approximation.  These 
functions  ere  given  in  what  follows. 
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To  define  thee,  ye  need  another  aemnuption,  xine*  in  g«fi«r*i  we  |mv«; 

Si  *  $  t 


i.e.  no  APO  at  all  will  be  able  tc  neet  the  problems  to  be  solved.  The  distance  coordi¬ 
nates  of  a  flying  object  are  known  only  up  to  an  error  elli- — id,  tha  half  axes  of  which 
depend  on  the  radial  error,  the  azirautal  error  and  finally  the  elevation  error  of  the 
RDS.  Therefore  the  additional  assumption  (Vi)  _s  necessary: 

(V4)  e  *>  (Pi  e  si^  si is  in  the  ellipsoid  of  P^) ,  i.e.  each  point 

Pi  e  Si  iRherpreted  as  real,  if  and  only  If  it  it.  in  the  error  ellipsoid  of 

pi  e  «i* 

In  this  context  there  is  to  be  considered,  that  any  RDS  gives  its  scanning  coordinates 
in  a  discrete  subspace  of  a  space-time-continuum,  i.e.  the  systematic  error  of  the 
mapping  into  the  discrete  subspace  is  blended  with  the  special  measuring  error  of  the 
RDS.  Let  now  an  APO  e  for  e  be  given. 

Def.  7.  S(e):«  {S  /  S  r-track  resp.  S  over  ST},  i.e.  the  set  off  all  r-tracks 

on  ST  created  by  the  APO  e, 

.  s  s 

We  now  consider  an  r-track  from  S(8j  with  the  representation  S  *■-  (8,,  ...,  6  }  and 

3  S 

define  in  definition  8.  the  co.idltiones  for  a  track  part  s^r  ■  (b^,  ....  er)  c  S, 
1-i-r,  to  be  a  "true"-tracfc. 


Def.  8.  Sir  xs  called  "true"  (t-traek),  if  (El),  (E2) ,  (E3)  are  valid. 
(El)  V  j,  j  c  {1,  2,  ...»  r.}  /  Bk  -  «ji+Jc*  k  -  0,  1,  2,  ...,  r-i. 

S  8 


(E2)  8^  4  9r+1  +  Ur-*t ,  1  <  i.  <  r  <  m. 


jr+1' 


(E3)  L(sir)  «  r  -  SA. 

We  will  use  the  following  shortenings: 


S*AS(e)  :<«>:  (  S,  S  (  S  (e),  S*c  S,  S’  true). 

S'  e  lj}  :<«>:  (S'*  S  (e  ),  *S(P>  «  jAp,  p  e  S'). 

Renee,  S'AS(e)  means,  that  S'  ie  a  true- track  in. the  sense  of  the  Def.  8,  S'C  {j},  how¬ 
ever,  is  the  identification  (see  Def.  1.)  of  S*.  The  definition  3  is  to  Interpreted  as 
follows:  it  requires,  POST  1.  only  such  tracks  to  be  looked  upon  as  true-tracks,  which 
are  part  of  real-tracks  in  the  favourable  case,  where  an  ST  has  been  scanned  with  PF-D. 
Thus  an  uncontrolled  "positive"  influence  of  the  stochastic  false  track  process  on  the 
real  track  process  is  avoided.  This  is  the  reason,  why  (E3)  Implicitly  links  the  on 
depending  part  of  the  prediction  to  the  following  quality  functions. 

Def.  9.  9(j)  :«  {8  /Vs,  SAS(S).,  SC  {j}:  3  €  S}. 

6(j)  is  the  set  of  real  signals  of  FO^  satisfying  Def.  8. 

H{j)  :«  {  8/Vi,  i  C  {1,  2,  ...,  m},  8  C  S^Sj,  K(8)  «  j}. 

K{j)  contains  exactly  those  signals  given  by  the  radar  from  real  FO^. 
L( j)  :«  number  of  positive  coordinates  of  FO^  (FS^)  {:=  length  of  tn« 
curve  of  FO^) . 

We  regard  s  as  to  meet  the  demand  POST  2  with  respect  to  the  curve  FS ^ .  if 

An*  (fl (j) )  -  An*  (M(j)). 
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The  weak  requirement  POST  2  is  nothing  but  a  natural  considers  *~on  of  the  individual 
detecting  probability  Uj  of  J*04; 

-  Anz  (M<3))  /  L(j),  3  «*  1,  2,  ...,  n. 

This  is  easily  aeeni  f.e.  in  the  case  where  ♦  tiA  >  1.  therefore  is  a  required 

value  to  be  approximated  by  0  using 

0-j  -  Anz  (M(S) )  /  An*  (e(j>>. 

The  value  of  the  functional 

xj  s“  !“j  " 

gives  the  error  of  6  with  respect  to  &  on  ST.  POST  2  suggests  to  especially  weighten  the 
case  in  which  ve  have 

An*  (0{j))  <  Anz  (K{ j) ) : 

Thuswu  get  x*.  if  Anz  (e(j))  -  Anz  (M(j)) 

xj  1- 

1,  othervise. 

Renee/  we  have  the  function  Q(8,  e ,  ST)  to  measure  the  approximation  error  of  e  against 

e  on  ST.  „  ,  n  , 

0(8.  8,  ST)  s«  i  7  a? 

R  i»l  1 

with 

O  -  Q  (e,  e,  ST)  “  1,  because  o-x.  -  l,j«l,2,  . ..,  n. 

Def.  10.  L(S (e))  :»  V  L(S) 

se  s(S) 

tr(s(e)}  s-  L(s<e))  -  Y  ms*) 

S’AS(g) 

With  the  aid  of  the  definition  10  the  falso  track  process  is  easily  described! 

PQ(3,  8,  ST)  s*LF  (6(8))  /MS(8))j 

its  value  is  proportional  to  the  disturbance  influence  of  the  false  track-on  tha  raal 
track-process,  which  could  not  be  eliminated  by  e. 

Remark:  Q  «  O,  PQ  -  O,  Af.T  »»  6  *  6  (ideal  case). 

We  give  in  Def.  11a  our  conditions  for  tvo  APO’n  to  be  of  semi-aquivaler.t  quality  with 
respect  to  the  functions  Q,  FQ  and  in  lib  we  introduce  the  saying  for  one  APC  to  be 
better  than  an  other  one. 

Def.  11.  a)  e2  :<•>»  (At),  (A(t)  (i.e.  (s,c')-S-aquimlant),  e,  s'eiR+ 

(At)  iFQ{8x,  8,  ST)  -  FQ(9«j,  6,  ST)  j  <  £ 

<Ae.)  i0(6x,  8,  ST)  -  0(9^5#  8.  ST)  j  «  i.e.  8X  is  (c,  c*)-superior  to  62,  **  the 

absolute  difference  of  (Ae),  (A^,)  i»  less  t  or  less  t*. 

Def.  11.  b)  ex  5  e2  :<*>?  (Ae),  (Aj),  (i.e.  ox  c-superior  62) 

(Ax)  Q(9X,  9,  ST)  "i  Q(82*  &#  ST) ,  i.e.  ex  Is  c'-superior  to  e2  if  (Ac)  of 

(a)  holds  and  the  approximation  degree  of  ax  is  greater  than  that  of  62. 

The  value  of  (c,  c*)  results  frus  the  requirements  a  special  user  has  concerning  the 
resl-and  fslse  track  process. 
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4.  THE  MASTERTAPE  AS  REALISATION  OF  THE  ASSUMPTIONS  (VI),  (V2) ,  073),  (V4). 

Dflf.  13.  A  maatertape  is  regarded  as  a  real  air  traffic  situation  ST,  scanned 
by  a  radar-detection-system  and  3tored  on  a  tape,  every  signal  carrying  a  label  K  *  O 
or  Ke  { 1 ,  2,  ...,  n}  showing  the  signal  to  cane  from  a  flying  object  or  to  be  false 
(see  Def„  1)>  the  curves  of  the  flying  object  In  flying  objects),  which  have  contributed 
to  this  traffic  situation  are  known. 

On  the  production  and  information  security  we  make  the  following  remarks; 

The  primary  RDS  scans  during  the  time  interval  T T  (length  of  T)  the  air  space  situation 
ST.  Technical  reasons  caused  the  scanning  to  be  only  two  dimensional  (no  elevation).  Ac 
the  same  time  the  PPI  of  a  simultaneously  working  radar  is  photographically  integrated. 
The  so  produced  PPI- sum  allows  up  to  small  errors  identification  of  the  respective  curves 
(see  fig.  1).  These  are,  after  correct  identification, assigned  natural  numbers  as  labels. 
The  label  carrying  PPI  is  added  to  the  detector  data  on  a  display,  and  to  these  data  the 
adequate  labels  can  be  given  over  a  computer,  ehis  procedure  being  rather  time  consuming, 
but  very  simple.  The  thorough  investigation  of  the  PPI  (see  fig.  1)  leads  to  a  rather 
perfect  decision  security  of  nan's  eye  concerning  flying  manoenvers,  starting  and  landing. 
Already  after  a  short  time  the  characteristics  of  a  detector  picture  are  controlled 
(comparing  the  detector  data  with  the  PPI).  Some  testmastcrc  were  created  without  the 
help  of  any  PPI-infoxnation  and  later  on  compared  with  the  reap.  PPI-information.  This 
test  resulted  ii.  the  fact,  that  the  adaptive  man’s  eye  recognises  the  PPI  tracks  up 
to  e  small  error  (44-5%).  It  must  be  mentioned,  that  in  this  case,  one  depends  up 
to  a  certain  degree  on  the  detector's  decision- logic,  see  /9/  and  POST  2. 

Until  now  two  representative  master tape*  have  been  created.  Each  mastertape 
carries  a  heading,  containing  the  radar-detec ter  characteristics  (GRS-rad.vr, (L-Band) , 
der  BPS  in  Neunkirchen,  Odenwald,  pulse  length  2  us,  distance  *  120  n.m. ),  the  p.ace  and 
the  time  of  the  data  acquisition,  the  range  of  the  controlled  space  (minimal,  maximal 
distance) ,  length  of  T,  the  number  of  flying  objects  creating  ST,  length  of  the  respec¬ 
tive  curves,  the  number  of  marked  signals  from  ST.  Fcr  the  above  mentioned  master  tapes 
we  haves 

acquisition  place:  air  port  Frankfurt,  for  T  there  were  mainly  chosen  time  periods  with 
higi  traffic  density.  TT  «  35  -  5  min.  A  m  ■  200,  number  of  flying  objects:  280^n-320, 
length  of  the  curves:  8-L(FS^)-200,  marked  signals:  5-M(j)-195,  total  number  of  signals 

a 

3500o-45000,  narked  total  10000-15000.  Hithorto  there  have  been  processed  about  8*10* 
data  that  are  now  available. 

Remark: 

There  has  not  yet  been  made  any  statement  about  the  PPI' a  security.  We  regard  the  PPI  to 
be  at  this  moment  one  of  the  most  important  and  reliable  devices  for  air  traffic  control 
in  Germany.  That  is  why  we  believe  to  have  a  minimal  decision  security  -ir.  general-  of 
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about  95  %  -  Q5  l»  Th#»  sp^Cisl  ptobsbilitiss 


4  4  . 

'3 


not  greater  than  that  involved  in  the  air  trafric  control  as  operated  nowadays. 


5.  SOME  RESULTS. 

Sane  APOs  0  with  respect  to  Q  and  FQ  have  been  evaluated.  The  inner  structure  of 
e  in  it's  prediction  pnrcs  is  based  on  ideas  of  W.  Hacck  /2/  and  of  H.  Springer  /l/,  and 
was  realized  at  the  "FFM" ,  Werthhoven  /€/ ,  /8/,  where  it  is  available  under  the  program 
identification  "Monoradar".  “Monoradar"  is  a  real-time  Algol  operator.  The  different 
logics  of  these  APO*  were  realized  by  choice  of  nA  €  {2,  3},  nL  C  {2},  nz  C  {1,  2, 

6}.  The  evaluation  of  0  was  done  with  (a)  PF  *  0  (nF  *  0  means  an  a  priory  total 
suppression  or  unmarked  signals.),  (b)  PF  »  0,  The  results  are  shown  in  fig.  2,  2.1, 

3,  3.1  and  shall  be  shortly  interpreted  for  fig.  2.1.  3.1. 

INTERPRETATION: 

The  Q -curves  in  fig.  2.1  show  clearly  the  influence  of  greater  lt2  (maximal  num¬ 
ber  of  successive  predictions  up  to  dropping).  In  the  ^-interval  [3,  5]  the  values  of 
FQ  ctiange  but  slightly,  whereas  in  the  interval  [4,  5}  the  approximation  degree  increa¬ 
ses  up  to  about  70  %.  Considering  H? ,  the  operators  9j,  with  Bz  »  <  and  e2  with  *  5 

are  optimal;  in  addition  they  are  (0.02  ,  0.05)-aquivale >t.  The  Q -curve  in  fig.  3.1  shows 

the  unavoidable  minimal  error  of  9.  The  difference  between  the  Q~ curves  of  fig.  2.1  and 
fig.  3.1  gives  an  impression  of  the  ur.eerntainty  of  e's  predicition  part.  FQ  in  fig.  3.1 
gives  the  confusion  degree  of  9,  responsible  for  the  false  linkage  of  real  signals 
coming  from  different  flying  objects.  Added  there  to  is  in  fig.  2.1  the  very  false  track 
process  and  the  disturbance  caused  by  false  signals,  hindering  the  exact  real  track 
process,  this  disturbance  alons  being  responsible  for  net  reaching  the  maximal  approxi¬ 
mation  degree  in  curve  fig.  2.1  given  by  the  curve  of  fig.  3.1.  The  pairs  (Q^,  FQ^) , 

(Q2«  FQj)  shown  in  fig.  2.1  represent  the  test  result  of  a  "logic"  having  been  evaluated 

for  nz  *•  4,  5  (so  called  normal  track  start,  track  begin,  i.e.  for  this  logic  i!A  *  2) ; 
these  logics  are  seen  to  be  far  from  optimality. 

Fig.  4  and  fig.  5  show  the  si^  distributions  of  the  according  master-tapes 
(I  and  II).  Pay  special  attention  to  the  interval  30  -  Uj  •  100  -  60. 
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ABBREVIATIONS. 

"V"  "there  exists  one  and  only  one'* 

"V“  "there  exists" 

-A«  "for  all" 

":<«>:*  "then  and  only  then  per  def." 

IN  set  of  natural  numbers 

IR+  set  of  positive  real  numbers 

(R3  three  dimensional  space 

♦  empty  set 

{...}  explicit  set  representation 
Anz{... } number  of  elements  of  a  set 
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1.  Basic  Functions  of  .Radar  Plot  Extractors 


Improved  methods  for  air  traffic  control  are  increasingly  based  on  the  information 
obtained  by  radar  on  air  traffic  movements.  The  fail  safe  capability  of  the  radar 
control  therefore  becomes  of  increased  importance.  This  can  in  the  first  place  be 
achieved  by  multiple  coverage  of  the  controlled  airspace  with  the  aid  of  an  in¬ 
creased  number  of  rad3r  installations.  In  order  to  be  able  to  utilize  the  informa¬ 
tions  from  these  radars  at  a  central  point,  it  is  necessary  to  construct  a  closely 
integrated  telecommunication  network  which  will  enable  the  radar  information  to  be 
transmitted  efficiently,  even  over  long  distances; 

This  still  further  increased  input  of  radar  information  at  the  air  traffic  control 
centres  is  in  no  way  equalled  by  an  increase  in  human  capability  to  cope  with  the 
processing  of  this  data.  Large  control  centres  must,  in  the  future,  be  equipped 
with  digital  computers  which  will  be  the  only  possible  way  to  handle  the  process¬ 
ing  of  the  high  rate  of  input  information.  An  important  task  foreseen  for  computers 
is  that  of  organizing  the  display  of  air  traffic  data  on  screens  of  a  new  technical 
concept,  which  are  designed  for  computer  control  and  on  which  alphanumeric  as  well 
as  geographical  information  can  be  displayed.  To  enable  the  presentation  of  the 
air  traffic  situation  to  be  continually  brought  up  to  date,  the  radar  installations 
(primary  and  secondary  radar)  must  be  directiy  connected  with  the  computer  at  the 
control  centre.  The  radar  installations  were  not  originally  designed  for  such  a 
direct'  connection.  Their  signals  must  therefore  first  be  put  into  digital  ^orm. 

An  interfacing  installation  is  thus  necessary  between  radar  and  computer,  this 
being  known  as  a  radar  plot  extractor. 

The  equipment  and  processing  techniques  that  will  be  used  in  the  future  are  shown 
in  Fig.  1.  New  equipment  at  the  radar  site  is  the  digital  radar  plot  extractor. 

This  item  is  first  of  iall  an  analog-digital  converter,  that  is,  it  converts  the 
analog  radar  signals  into  digital  form.  Besides  this,  it  evaluates  the  signals 
from  the  primary  and  secondary  radars  in  the  sense  of  an  automatic  target  recogni¬ 
tion,  that  is,  it  takes  over  a  function  that  up  to  now  har  been  carried  out  by 
controllers  at  the  display  tube.  The  data  flow  is  thereby  reduced  to  such  an  ex¬ 
tent  that  the  transmission  capacity  of  two  to  three  normal  telephone  cables  (band¬ 
width  each  about  3  kh'z)  .serves  to  transmit  a  radar  display.  The  Information  that 
is  transmitted  contains  basically  the  position  coordinates  of  the  detected  target 
and  the  additional  information  from  the  secondary  radar.  By  this  method,  which 
allows  the  normal  telephone  network  to  be  used  for  the  transmission  of  radar  dis¬ 
play  information,  the  required  solution  to  the  problem  of  efficient  transmission 
of  radar  information  has  been  found 

The  most  extensive  new  equipment  in  the  control  centre  is  the  air  traffic  control 
computer  system,- which  takes  over  a  large  amount  of  data  processing  and  coordinat¬ 
ing  functions.  In  the  survey  given  here  on  future  methdds  cf  radar  processing,  we 
shall  limit  ourselves  to  the  description  o.f  the  computer  system’s  function  in  tar¬ 
get  tracking  and  presentation  of  processed  radar  data.  Tracking,  i.e.  automatic 
recognition  of  aircraft  movements,  is  done  in.  a  first  digital  computer  (Fig.  1) 
based  on  the  transmitted  information  of  several  radar  .Installations  whose  coveraoe 
areas  overlap  (Kultiradar  Tracking  System).  A  second  romputer  is  used  for  process¬ 
ing  the  information  that  is  presented  at  the  individual  controller  displays. 

As  shown  in  Fig.  1,  the  radar  plo-.  extractor  consists  of  two  parts,  tne  plot  de¬ 
tector  and  the  plot  processing  unit.  The  riot  detector  is  a  system  specifically 
designed  for  automatic  target  recognition'  and  determination  of  target  coordinates. 
For  further  processing  of  taxyec  information,  which  will  be  described  in  more 
detail  later,  again  a  digital  computer  Is  used.  The  computers  used  within  the  plot 
extractor  system  for  automatic  target  tracking  and  for  the  display  system  are  all 
of  the  same  type  and  size  CTR-8S  computer),  thus  simplifying  problem, s  of  mainte¬ 
nance  and  software  and  hardware  handling. 
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Principles  of  Automatic  Target  Detection  Technique 


Before  the  description  oi  special  items  of  the  radar  plot  extractor  presented  here 
is  continued,  a  short  introduction  to  the  techniques  of  automatic  target  detection 
should  be  given: 

The  same  basic  problems  occurring  in  manual  control  and  caused  by  radar  signal 
characteristics  alsc  have  to  be  overcome  with  automatic  target  detection.  The  main 
characteristic  points  of  the  radar  echo  signal  are,  on  the  one  hand,  its  weakness 
cwing  to  the  reduction  i..  reflected  po-ter  as  a  fourth  power  of  range,  and  on  the 
other  hand,  that  it  is  always  mixed  with  clutter  caused  by  thermal  noise  as  well 
as  by  cloud  and  ground  reflections.  The  usual  radars  are  so  arranged  that  a  target 
is  covered  by  several  pulses,  on  average  between  nine  and  twenty.  Target  recogni¬ 
tion  is  basc-d  on  the  detection  of  a  pulse  sequence  correlated  by  the  target  in 
which  the  single  pulses  come  from  the  same  range.  Noise  pulses  appear,  on  the  con¬ 
trary,  to  be  more  or  less  uncorrelated  and  come  from  different  ranges.  By  adding 
several  target  echoes  on  the  screen  the  observer  can  determine  the  useful  target, 
wnich  will  be  distinguished  from  a  single  noise  echo.  Target  detection  is  there¬ 
fore  the  result  of  an  integration  of  several  target  echoes.  For  automatic  target 
detection,  the  controller  is  replaced  by  circuits  with  similar  integrating  capabil¬ 
ities.  The  operation  is  divided  :.nto  the  two  steps  of  echo  detection  and  echo  in¬ 
tegration.  The  echo  detection  clarifies  the  question  of  whether  a  single  received 
echo  should  be  evaluated  as  coming  fr^«"  a  target  or  as  noise.  For  this  purpose  a 
voltage  comparison  switch,  known  as  the  first  threshold,  is  used  (Fig.  2).  If  the 
voltage  of  an  echo  pulse  exceeds  a  preset  threshold  voltage,  this  pu!se_  will  coor¬ 
dinate  a  digital  output.  If  it  is  smaller  than  the  threshold  voltage,  then  it  will 
be  suppressed  (evaluated  as  digital  zero!. >  Once  an  echo  pulse  exceeds  the  first 
threshold  voltage,  then  it  will  be  processed  as  coming  from  a  target,  even  though 
it  has  possibly  originated  from  noise.  Efficiency  of  targe';  detection  is  therefore 
considerably  dependent  on  the  value  of  the  threshold  voltage.  If  it  is  set  tod  low, 
all  target  echoes  will  be  detected  but  it  also  increases  tne  possibility  that  noise 
pulses  can  exceed  the  low  threshold  level.  If,  on  the  other  hand,  it  is  set  too 
high,  only  a  few  noise  pulses  will'  exceed,  it,  but  then  low  voltage  target  echoes 
will  be  lost. 

Echo  integration,  that  is,  the  actual  target  detection,  is  achieved  in  the  follow¬ 
ing  wayr  Within  an  antenna  beamwidth  and  a  definite  range  interval,  quantized 
echoes  are  examined  for  correlation,  i.e.,  their  number  is  compared  with  a  further 
threshold  criterion,  known  as  the  second  threshold.  This  procedure  is  carried  out 
by  means  of  a  switch,  which  by  virtue  of  its  manner  of  working  is  known  as  a 
gliding  Window  Detector  (SWO).  Fig.  Z  clarifies  the  method  of  operation  of  the 
sliding  window  detector.  A  target  is  assumed  to  be  at  a  range  of  53.25  nautical 
miles,  and  that  it  will  be  detected  within  the  rotating  "antenna  field.  Within  the 
field,  a  total  of  nine  radar  periods  should  be  able  to  acquire  the  target.  During 
period  PI  an  echo  is  received,  which  after  exceeding  the  first  threshold,  is  re¬ 
corded  as  "1’.*  in  the  first  stage  of  a  nine  stage  shift  register.  The  total  contents 
of  the  register  ar-  then  serially  shifted  up  from  each  stage  of  the  register  to  the 
adjacent  one.  Dee  to  this  the  contents  of  the  ninth  stage  are  then  erased  and  the 
first  stage  in  which  the  "1"  received  during  period  PI  was  recorded  will  again  be 
vacant  since  this  "1”  is  now  occupying  the  second  stage.  During  period  P2  an  echo 
is  received  whic!  does  r  jt  exceed  the  first  threshold  level.  A  "0"  will  therefore 
be  recorded  in  the  first  stage  of  the  shift  register.  During  the  third  to  she. 
sixth  periods ,  a  "l**  will  also  be  recorded  in  the  register,  from  which  up.  to  this 
point  .five  quantized  echoes  have  barn  received  from  the  target.  This  value  of  five 
echoes  out  of  a  possible  total  cf  rine  is  defined  as  the  criterion  for  the  second 
threshold',  that,  is,  the  target  detection  threshold.  If  the  number  of  alarms  re¬ 
ceived  frem  a  target  reaches  this  minimum  value,  then  a  "start  of  target”1  is  re¬ 
corded.;  Further  turning  of  the  antenna  means  that  the  target  will  be  outside  the 
coverage  area.  If  the  register  contents  are  less  than  a  definite  value-,  for  example 
four  as  in  the  diagram,  then  "end  of  target"  is  recorded.  According  to  the  discrim¬ 
ination  capability  and  range  coverage  of  the  radar,  some  five  hundred  to  one  thou¬ 
sand  Sliding  windows  are  necessary  in  order  to  obtain  optimum  results  for  target 
detection  within  the  coverage  area.  It  is  .i;en  possible  to  divide  the  range  cover¬ 
age  area  into  rings,  whereby  eich  of  the  sliding  windows  corresponds  to  a  definite 
range.  The  range  covered  by  a  ring  is  suited  to  the  pulse  length  and  in  practice 
is  from  two  to  four  microseconds.  The  number  of  positions  cf  the  windows  is  depen- 
-  dent  on  the  maximum  alarm  number  during  an  antenna  pass.  In  general  this  is  between 
•sine  and  twenty1  and  is  calculated  from  the  antenna  directivity,  the  number  of  an¬ 
tenna  rotations,  and  the  pulse  rate.  From  the  azimuth  values  of  the  "start  of  tar¬ 
ge*-"  and  "end  of  target"  information  given  by  the  SVID,  the  azimuth  value  of  the 
target  centre  can  be  calculated.  The  position  number  of  the  window  in  which  a  tar¬ 
get  is  detected  already  corresponds  to  a  definite  range.  Therefore  the  coordinates 
of  a  detected  target  are" known  and  the  basis  of  an  automatic  target  detection 
system  is  obtained. 

The  procedure  that  has  been  described  will  also  be  used  in  a  similar  manner  for 
automatic  recognition  of  secondary  radar  targets.  For  reasons  of  expediency,  the 
automatic  target  recognition  switching  circuits  for  both  radar  systems  are  combined 
in  a  single  unit,  the  combined  digital  radar  plot  extractor  for  primary  and  second¬ 
ary  radar.  - 
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Information  on  automatically  detected  targets  is  transmitted  to  a  computer  for 
further  processing.  The  data  flow  « rom  the  plot  detector  tc  the  computer  i~  statis¬ 
tical  because  each  information  is  transmitter  immediately  after  detection.  There¬ 
fore  the  transmitted  data  has  to  b;  buffered  in  the  memory  of  the  computer  before 
further  processing. 


Clutter  Suppression 


In  most  of  the  theoretical  considerations  it  is  assumed  that  the  background  against 
which  detections  of  primary  radar  targets  have  to  be  made  is  thermal  noise,  whereas 
in  fact  the  background  may  consist  of  meteorological  or  land  clutcer  in  addition  to 
receiver  noise.  Consequently,  an  automatic  detection  equipmei  t  must  be  designed  so 
that  it  will  not  generate  too  many  false  alarms  in  cluster  areas,  but  will  continue 
to  detect  any  targets  of  sufficient  amplitude  to  show  above  the  clutter. 

Circuits  for  clutter  suppression  may  be  used  within  the  system  for  hit  detection 
(first  threshold'  as  well  as  combined  with  the  switching  circuits  for  plot  detec¬ 
tion  (second  threshold).  In  both  cases  the  basic  concept  is  to  raise  the  threshold 
for  unwanted  signals. 

As  a  system  of  the  first  kind  we  use  a  circuit  ahead  of  the  first  threshold,  which 
is  sometimes  used  in  the  conventions!  i adar  technique  for  rain  clutter  suppression 
(Fig.~4).  It  is  known  that  the  resultant  amplitude  distribution  of  such  clutter 
closely  approaches  Gaussian  distribution.  When  such  signals  have  been  detected  by 
a  logarithmic  receiver  such  as  we  use,  the  d.c.  deviation  component  is  independent 
of  the  signal  amplitude,  while  the  a.c.  component  increases  with  increasing  signal 
power,  i.e.  clutter  power.  In  order  to  subtract  the  d.c.  component  of  the  signal, 
a  delay  line  circuit  is  used.  The  video  is  applied  to  a  ctelay  line  of  twenty  radar 
pulse  lengths.  The  mean  d.c.  level  of  the  background  is  obtained  by  two  adding  cir¬ 
cuits,  one  connected  to  a  series  or  line  taps  ahead  of  the  centre  top,  the  .other 
connected  in  the  same  manner  behind  the  centre  top.  The  d.c.  levels  obtained  at 
the  output  of  the  adding  circuits  are  compared  and  the  greater  is  subtracted  from 
the  signal  sample  taken  from  the  centre  top. 

This  circuit  was  tested  with  &n  AE3-TELEFUNKEN  GRS-Radar.  A  remarkable  suppression 
of  rain  clutter  was  observed  and  the  measured  loss  of  sensitivity  was  abcut  0.6  db. 

A  further  clutter  elimination  system  is  used  in  connection  with  the  sliding  window 
detector  (Fig.  5).  The  hit  history  c-f  sighs  sliding  windows  before  and  behind  the 
sliding  window  "in  process"  is  examined  for  the  false  hit  probability  and  the 
amount  of  hit  correlation. 

The  probability  of  false  hits  p  is 

■  ....  f„ 


f..  is  the  number  of  measured  hi.ts  in  the  examined  area,  n  the  total  number  of 
possible  hits  or  hit  cells,  which  is  in  our  case  16  x  15  =  240  for  a  sliding 
window  length  of  15  cells. 

The  correlation  can  be  derived  from  the  probability  p-j-j  of  "double  hits",  i.e. 
the  probability  that  a  second  hit  immediately  follows  a  first  hit  in  azimuth 
direction  (Fig.  5).  If  the  number  of  such  double  events  f11  is  known,  p->  can 
be  calculated  by  A 
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Pl  and  are  calculated  for  each  sliding  window  process  and  their  values  are 
used  to  adjust  the  second  threshold  automatically  in  such  a  way  that  preset 
values  of  false  alarm  probabilities  are  kept.  This  means  that  the  second  thresh¬ 
old  is  raided  from  a  normal  value  of  eight  cut  of  fifteen  to  higher  values,  when 
the  number  of  hits  and  double  hits  increases,  indicating  a  clutter  area.  The 
preset  probabilities  of  false  alarm  can  be  individually  adjusted.  The  complex 
hardware  system,  consisting  ot  TTL  integrated  circuits,  is  fully  digitized. 

The  first  tests  of  this  clutter  eliminator  done  in  the  laboratory  with  tape- 
recorded  radar  data  have  shown  that  clutter  can  be  eliminated  to  a  great  extent, 
depending  on  the  preset  false  alarm  probability,  which  is  kept  constant.  The 
great  advantage  of  this  system  is  that  the  systems  following  the  target  detector, 
i.e.  -the  TR-36  computer  for  target  processing  and  the  data  transmission  ever 
telephone  lines  can  be  automatically  prevented  from  overflow  caused  by  unwanted 
drta.  This  technique  has  the  further  imporcant  advantage  of  being  quiescent  in 
areas  not  containing  clutter  and  yet  3Cting  instantaneously  ir.  ciutter  areas. 

Photographs  showing  the  effectiveness  o i  both  clutter  eliminating  circuits  are 
giver,  later  in  chapter  10. 
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4 .  Slock  Diagram  o i  a  Combined  PR/SSR  Plot  Extractor 

Figure  6  is  a  block  diagram  of  our  combined  PR/SSR  plot  extractor  equipped  with  a 
TR-B6  computer.  The  group  denoted  "plot  detector"  contains  the  circuits  for  target 
detection,  which  is  done  in  separate  channels  for  PR  and  SSR  targets.  The  tasks  of 
the  computer  are  giver,  -n  the  block  diagram  and  described  in  more  detail  In  chap¬ 
ter  t . 


Since  i.  our  installations  the  antennas  of  both  radar  systems  are  mechanically 
linked,  a  common  timing  unit  in  the  plot  detector  is  sufficient  for  the  central 
generation  of  clock  pulses  and  digital  range  and  azimuth  information,  if  a  start 
or  end  of  a  target  is  declared,  the  associated  azimuth  and  range  data  are  sent  to 
the  computer  by  a  transfer  circuit,  consisting  of  a  shift  register  buffer.  In  addi¬ 
tion  to  these  data  the  received  code  information  is  connected  through  to  the  com¬ 
puter  for  further  processing  'code  validation)  if  the  start  of  an  SSR  target  has 
been  declared.  The  SSR  decoder  unit  has  similar  functions  for  SSR-video  handling 
as  the  first  threshold  unit  for  processing  of  PR-video.  Additionally  it  includes 
capability  for  emergency  code  alarm  and  special  degarbling  functions  to  reject 
erroneous  code  data  due  to  SSR  code  overlap. 

The  total  number  of  range  increments  of  each  channel  is  1024.  Each  range  increment 
has  a  minimum  width  of  2.?  usee,  but  other  values  may  be  chosen  by  changing  the 
crystal  of  the  master  clock.  For  fine  range  measurements  each  range  increment  is 
subdivided  into  four  further  increments,  each  at  least  0.62S  nsec  wide. 

in  the  PR-chann.el  a  unique  pulse  splitter  circuit  operates  on  the  quantized  video 
to  determine  final  acceptance  and  range  of  each  signal  crossing  the  first  thresh¬ 
old.  The  circuit  determines  the  center  position  of  each  radar  hit  rather  than  using 
the  conventional  leading  edge  of  the  return  signal.  This  enables  deciding  for  only 
one  hit  also  in  cases  of  overlap  between  adjacent  sliding  windows  and  reduces  the 
sweep-to-oweeo  variations  in  the  position  reports  of  a  target.  Rejection  of  signals 
too  narrow  to  be  live  returns  is  also  included.  For  processing  of  normal  and  MT1 
video  two  separate  first  threshold  units  are  used.  They  are  followed  by  a  switch 
which  is  controlled  either  automatically  by  the  computer  or  manually,  and  connects 
one  of  the  two  video  types  to  the  sliding  window  detector.  A  quality  factor  is  gen¬ 
erated  according  to  the  hit  number  reached  oy  a  PR-target  and  sent  to  the  computer. 

SSR-plot  detection  is  normally  evaluated  for  one  identity  code  plus  altitude  code 
"detection  in  any  interlace  ration.  In  that  case,  a  SWD  with  a  run  length  of  ten 
bits  is  used.  However,  plot  and— trie  detection  for  any  two  identity  codes  (plus 
detection  of  altitude  code'  ra&y  also  be  used.  Two  SWD’s  each  five  bits  wide  are 
then  used  for  plot  detection. 

The  plot  extractor  includes  complicated  built-in  test  features  that  permit  checking 
the  system  operation.  A  major  feature  is  the  internal  PR/SSR  test  target,  which 
.provides  a  means  for  continuous  on-iine  check  (for  more  details,  see  chapter  1). 
Further . buiVt-in  tests  permit  a  rapid  check  of  SViD  memory  and  switching  circuit 
operation,  clutter  eliminator  operation,  data  transfer  to  the  computer-  and  proper 
SSR~ccd>* -processing.  - 

For  interstage  control  of  the  whole  extractGr  system,  a  16"  monitor  display  is  in¬ 
cluded,  which  permits  presentation  of  unprocessed  PR-  and  SSR-video,  quantized 
video,  acceptance  criteria  of  PR-  and  SSR-SWD’s,  several  map  videos  (MTI-map,  low 
and  high  density  clutter  areas)  and  synthetic  plot  representation  ty  several  types 
of  symbols  (FR-,  SSR- ,  combined  plots  etc.).  : 

A  special  PR/SSR-ploc  extractor  system  .had  to  be  developed  for  use  in  connection 
with;  a  complicated  back-tc-back  or  "Janus"  radar  syste...-.  Figure  7  is,  a  block- dia¬ 
gram  of  the  whole  installation,  consisting  of  an  AEv»-i SLEFUNKEN  SRE-LL  radar  and 
the  special  extracto1-  for  this  raoar  installation*  As  can  be  seen  from  the  diagram, 
the  radar  installation  contains  one  SSR-bea:  and  two  PR-bearas  on  each  of  its  halves, 
thus  providing  a  total  of  two  SSR-  and  four  PR-beams  or  "radars".  To  cope  with 
.  this  system,  one  would  at  first  expect  that  two  SSR-  and  four  PR-plot  detectors 
tt a  needed.  However,  several  aspects  alrow  diminishing  the  additional  need  to 
about  30%  foe  a  Janus  pic  .  extractor  system  with  100%  standby  at  the  computer  group 
or.d  50%  standby  at  the  detector  group,  compared  with  a  normal  detector  installation 
with  100%  standby  equipment: 

1)  The  computer  is  also  able  to  handle  the  larger  dapa  flow  caused  by  the  back- 
to-back  radar.  Therefore  the  computer  group  remains  unchanged. 

r>  Tn  the  P8-part  of  the  system  a  pulse  length  of  4.5  y.sec  is  used.  Therefore  it 
is  possible  to  split  the  PR-part  of  the  SWD-memory  in  two  halves  of  512  range 
ceils,  chur  prepata.no  two  independent  SWD'-.  for  the  upper  and  lower  PR-anbenna 
diagram.  In  Unit  case,  the  PR-range  increo -nt  isj5  psec,  so  that  the  samh  cov-. 
erage  area  as  before  is  reached*  For  SSR,  a  range  increment  of  2.5  usee  is  used 
as  before.  Therefore  only  one  first  threshold  unit  end.  a  clutter  eliminator 
unit  for  the  second  PR-bearo  are  heeded- additionally  in  the  plot  detector  group. 

As  can  be  seen  from  the  diagram,  a  complete  PR/SSJi-plot  detector  (altered  and. 
enlarged  as  just  described)  is  used  on  each  side  of  the  two  radar  halves,  while 
a  thied  unit  is  provided  for  standby  purposes. 
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S ,  Data  Link  between  Plot  Detector  and  ?R-ti6  Computer 


5.1  Structure  of  the  Plot  Part  Messages 


Figure  8  shows  the  structure  of  the  plot  port  (messages  which  are  transmitted  fro*.' 
the  plot  detector  to  the  TR-86  computer.  For  PR  anti  SSR,  several  types  of  plot 
part  messages  are  usee'.  In  the  case  of  PR,  the  sliding  window  detector  generates 
a  PR  plot  start  mes.age  when  the  second  thresho.d  level  is  reached.  Also  a  plot 
end  message  is  generated  when  the  plot-end-threshold  is  reached.  Both  messages 
have  tne  same  range  number.  In  addition  the  PR  p’ot  start  nessage  contains  the 
fine  range  and  the  PR  plot  end  message  contains  the  quality  factor.  Azimuth  in¬ 
formation  is  transferred  by  separate  azimuth  messages  which  are  generated  at  the 
beginning  of  every  sweep.  In  the  case  of  SSR,  the  sliding  window  detector  gener¬ 
ates  SSR  acceptance  and  SSR  end  messages  when  the  associated  thresholds  are 
reached.  SSR  cede  information  is  transmitted  to  the  computer  when  the  SSR  plot- 
start-threshold  is  reached.  This  threshold  is  adjusted  to  a  value  below  the  SSR- 
acceptance-threshold. 


5.2  Radar  Data  Input  Channel 

The  transmission  of  the  plot  part  messages  from  the  plot  detector  is  cairied  out 
by  the  Radar  Input  Channel,  a  special  hardware  unit.  It  has  to  feed  the  plot  part 
messages  into  twe  separate  input  buffers  of  the  TR-8  5  memory,  one  for  PR  and  one 
for  SSR.  For  this  purpose  the  radar  data  input  channel  is  equipped  with  two  sepa¬ 
rate  address  generators.  Azimuth  messages  ace  fed  into  both  buffers.  The  messages 
are  transported  directly  *-o  the  buffers,  i.e.  without  touching  the  central  pro¬ 
cessing  unit. 

The  maximum  input  rate  which  can  be  handled  by  the  radar  data  input  channel  is 
one  TR-86  word  of  24  bits  per  1.25  psec. 


6.  Tasks  Of  the  TR-86  Computer  within  the  System 


The  tasks  of  the  TR-86  computer  within  the  system  are  given  in  Fig.  6.  These 
tasks  are: 

1.  Validation  of  the  SSR  code  messages 

2.  Determination  of  the  centre  azimuth  of  PR  arid  SSR  plots 

3.  Correlation  of  PR  and  SSR  plots  which  are  generated  by  the  same  target 

4.  Discrimination  of  false  targets  (if  possible) 

5.  Generation  of  message  formats  for  the  extracted  plot  messages  which  are 
transmitted  via  telephone  l.inesi 

6.  Storage  of  plot  messages  of  up  to  1  antenna  revolution  (This  task  may  be 
necessary  because  the  transmission  rate  of  the  telephone  lines  is  limited 
to  3  times  2400  bits  per  second  for  each  linked  station). 

7.  Organization  of  the  data  transfer  process*  i.e.  providing  the  different 
telephone  lines  with  the  extractor  output  messages 

8.  Supplying  the  monitor  display  of  the  extractor  wiU.  synthetic  r^dar  data 

9.  Overflow  control 

10.  Generation  of  test  plots  which  are  transmitted  back  to  the  plot  detector, 
processed  there  and  again  transmitted  to  the  computer.  Thus,  by  comparing 
transmitted  and  received  test  plots  an  examination  of  the  proper  working 
or  the  system  is  possible. 

11.  Control  of  plot  detector 

The  TR-86  computer  system  used  for  the  plot  extractor  includes  papertape  punch 
and  reader  as  well  as  control  teleprinter.  These  units  and  a  special  software 
operating  system  enable  the  operator  to  correspond  with  the  system.  Supervisor 
functions  are  carried  out  .by  special  hardware  and  software  systems,  which  announce 
failure  situations. 
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7 .  Amount  m?  Reo*  anu  Pals-  Plots  within  Coverage  Area 


Depending  on  weather  conditions  ana  air  traffic  situation,  the  plot  detector  will 
transmit  to  the  computer  the  {  ot  cart  messages  of  up  to  350  real  and  6S0  false 
plots  during  one  antenna  revolution  That  means  that  during  one  antenna  revolution 
the  computer  receives  up  to  20f  0  PR  plot  part  messages  and  about  7000  SSR  part 
messages  (including  the  SSR  code  messages).  In  the  case  of  back-to-back  radar  the 
plot  part  messages  of  about  500  real  targets  have  to  be  processed  during  one  in¬ 
formation  repeating  pericid  of  about  5.5  seconds. 


7,1  Amount  of  Plot  Accumulation 

Moreover,  a  considerable  portion  of  the  plot  part  messages  of  the  real  targets 
plots  may  appear  within  a  sector  of  less  than  10  degrees.  Thus  the  computer  mu3t 
be  able  either  to  store  or  to  process  several  thousand  plot  part  messages  within 
a  t  me  pariod  of  about  one  half  second.  This  corresponds  to  a  value  of  plot  part 
messages  of  about  60- SSR  plots  within  one  radar  beam. 


7.2  Maximum  Short  Time  Input  Rate 

Finally  we  must  consider  that  within  a  period  of  abot «.  100  psec  up  to  65  plot  part 
messages  may  be  generated  by  the  plot  detector.  To  av -id  saturation  or  the  link 
between  plot  detector  and  computer,  the  plot  detector  is  fitted  with  a  flipflop 
buffer  unit  while  the  radar  data  Input  channe.'  is  able  to  handle  one  plot  pare 
message  per  1.25  psec. 


8.  Special  Problems 


8.1  Code  Validation 

As  mentioned  previously,  the  computer  has  to  validate  the  SSR  code  replies  re¬ 
ceived  from  the  plot  detector.  In  order  to  inform  the  computer  which  SSR  codes 
belong  to  the  same  SSR  target,  the  plot  detector  adds  to  the  code  information  an 
address  number  of  7  bits,  which  is  generated  in  a  cyclic  manner.  The  computer 
then  checks  that  at  least  two  subsequent  code  replies  of.  the  same  modus  and  ad¬ 
dress  number  are  identical. 

These  tasks  are  carried  out  by  the  code  validation  program  of  the  computer.  This 
program  has  the  highest  priority  within  the  program  system  for  raaar  data  pro¬ 
cessing  because  it  has  to  operate  on-line  -in  order  to  suppress  the  large  number 
of  redundant  code  replies.  The  suppressing  factor  caused  by  the;  on-line  process¬ 
ing  of  code  replies  is  about  5  to  1,  thus  reducing  the~required  memory  for  SSR 
plot  part  message  storage  from  10  to  2.5  k  TR-B6  words. 


8.2  Scan-to-Scan  MTI 

Another  special  task  the  computer  nas  to  execute  is  known  as  Scan-to-Soan  MTI, 
which  means  that  all  plots  are  suppressed  which  do  not.  change  their  position  un¬ 
til  the  next  antenna  revolution.  All  pure  PR  plots  which  are  not  correlated  to  a 
corresponding  SSR  reply  and  which  are  not  farther  apart  than  50  nautical  miles 
will  be  processed  by  the  scan  MTI  program.  The  scan  MTI  area  is  divided  into  ele¬ 
ments  of  about  0.2  nautical  miles  edge  length.  A  plot  will  be  recognized  as  com¬ 
ing  from  a  fixed  target  if  it  does  not  leave  this  area  during  one  scan. 

At  the  present  time  the  TR-86  computer  is  programmed  to  examine  up  to  80C  plots 
which  may  be  fixed  targets,  a  number  which  can  be  changed  if  necessary. 


8.3  Providing  Air  Traffic  Control  Centres  with  Synthetic  Radar  Information 

The  capacity  of  the  data  link  wa  use  between  plot  extractor  and  ATC  station  enables 
transporting  the  corresponding  plot  messages  at  about  35  plots  per  second.  One 
plot  message  consists  cf  three  to  six  fields  of  IS  bits  each.  That  means  two 
2400  bits/sec  telephone  lines  are  sufficient.  In  order  to  provide  the  necessary 
meantime-betwcen-failure,  an  additional  telephone  line  of  2400  .bits/sec  is  in¬ 
stalled  for  each  ATC  station  for  standby  purposes.  The  computer  system  enables 
providing  up  to  three  ATC-statiohs  with;  different  processed  radar  information. 

In  order  to  avoid  an.  uncontrolled:  overflow  if  the  plot  detector  delivers  too  many 
messages,  special  provisions  are  foreseen  to.  reduce  the  data  flow  in  a  step-by- 
step  manner.  A  similar  process  to  reduce  the  data  flow  is  used  if  two  of  the  three 
telephone  lines  to  one  ATC- station  stop  working  properly.  The  reduction  of  data 
flow  is  done  in  the  following  manner;  At  first  only  messages  from  privileged  areas 
are  transmitted.  If  necessary  the  SiR  code,  replies  are  suppressed  also. 


esting  regions^and  they  may)  in  addition,  claim  plot  positions  tf.-.her  in  x,  y 
or  $,  0  -co-ordinates. 

8.4  Control  of  Th^-P^ot  Detector 

As  mentioned  before,  the  computer  controls  the  Normal/MTI  video  switch  in  the  plot 
detector.  A  further  switch  permits  stopping  plot  detection  within  wanted  areas. 

For  this  nurpose  the  switching  information  is  stored  within  two  files,  the  ”HTIr 
fil'-  ar''  che  "Blank  Out"  file.  The  coverage  area  is  divided  into  area  elements  of 
2.8  degrees  and  6.4  nautical  miles.  Within  each  file  one  area  element  is  repre¬ 
sented  by  1  bit,  which  gives  the  information  for  the  required  switching  position. 

While  the  Blank  Cut  file  must  be  changed  by  paper tape  reader  or  control  teleprinter 
input,  the  MTI  file  can  also  be  learned  by  the  computer.  The  information  stored 
within  this  file  must  be  dependent  on  the  actual  weather  situation,  which  is  known 
by  the  clutter  elimination  system  of  the  plot  detector  and  given  to  the  computer. 

The  map  informa  ion  concerned  will  be  transmitted  to  the  plot  detector  every  2.8 
degrees.  The  seiial  channel,  which  is  another  special  hardware  unit,  serves  as  a 
data  link  from  the  computer  to  the  plot  detector.  It  transports  several  message 
types,  including  monitoring  and  test  plot  information. 


8*5  Standby  Procedures 

In  order  to  secure  the  reauired  meant iiCe-between-failure  the  computer  system  is 
outfitted  with  a  10056  stanury  unit  in  which  two  identical  TR-?5  computers  are 
used.  The  active  computer  is  connected  to  the  data  link  but  both  units,  active  and 
standby,  process  radar  data.  Switching  over  from  one  computer  to  the  other  is  con¬ 
trolled  by  the  software  and  watched  by  the  switchover  control  unit  of  the  computer 
system:  Every  100  msec  each  computer  checks  it-,  own  status  and  sets  a  status  flip- 
flop,  which  can  be  interrogated  by  its  partner.  On  the  other  hand,  every  100  msec 
each  computer  interrogates  the  status  flipflop  of  its  partner.  If  the  standby  com¬ 
puter  recognizes  that  the  active  Unit  is  not  properly  workinc  it  will  then  call 
for  switchover.  This  information  is  transferred  to  the  switchover  control  unit. 
Switchover,  however,  will  only  be  carried  out  if  the  switchover  control  unit  rec¬ 
ognizes  that  the  status  flipflop  of  the  active  computer  announces  "not  okay". 


3.  Software  Organization 


Figure  9  is  a  block  diagram  of  the  software  struc.ure.  The  programs  called  "inter¬ 
rupting  programs"  interrupt  the  radar  data  processing  program  if  necessary.  They 
belong  to  the  operating  system.  The  interrupt ing  programs:  1)  announce  special 
failure  situations,  2)  serve  the  control  printer,  papartape  units,  monitoring 
display,  and  a  clock  pulse. 

The  radar  data  processing  program  is  divided  into  two  main  parts.  Cne  is  the  code 
validation  program  as  mentioned  before  and  the  other  is  the  radar  data  extraction 
program,  which  carries  out  all  other  tasks  of  radar  data  processing.  As  can  be 
seen  from  the  flow  diagram  in  the  centre  of  Fig.  3  ,  radar  data  extraction  can 

only  be  carried  out  if  code  validation  rests  temporarily,  thus  providing  the  nec¬ 
essary  priority  of  code  validation  with  respect  to  data  extraction.  There  are  two 
cases  in  which  radar  data  processing  will  be-  in  a  waiting  situation; 

1)  The  SSfJ-  and  PP.-input  buffers  are  empty 

2)  The  output  buffer  for  the  data  link  is  completely  filled. 

During  both  situations  for  a  period  of  up  to  1  msec  the  radar  data  processing  pro¬ 
gram  delivers  program  management  to  the  so-called  waiting  program,  which  is  the 
program  part  of  the  operating  system  with  the  lowest  priority.  The  tasks  of  the 
waiting  program  are  such  as  preparing  output  messages  or  processing  input  orders, 
which  are  handled  by  the  control  teleprinter  or  papertape  units.  Another  task  of 
the  waiting  program  is  to  check  all  the  TR-86  statements. 

The  arrangement  of  the  different  files  and  the  flow  of  radar  data  may  be  seen  in 
Fiq.  10.  The  radar  data  input  channel  fills  the  input  buffers  for  the  PR-  and  3SR- 
plot  messages.  Code  validation  is  done  by  the  code  validation,  file  and  causes  the 
cAeating  of  the  SSR  input  buffer  as  well  as  the  filling  of  the  33?.  intermediate 
buffer.  Radar  data  extraction  will  be  carried  out  by  means  of  a  ranae  orientated 
file  and  the  plct  correlation  file. 


c-o\a  PR  plots  are  scored  within  the  fixed  plot  file  for  one  antenna  ‘'evolution  and 
tr?.nn*»itted  to  the  Arc  centres  only  if  they  have  escaped  the  sett  MTI  process, 
as  mentioned  earlier.  Radar  data  extraction  causes  the  clearing  of  the  PR  input 
buffer  nnd  SSR  intermediate  buffer.  Cn  the  other  hand,  the  output  buffers  for  the 
monitoring  display  and  the  data  link  to  the  ATC  centres  ate  filled  up  by  extracted 
data.  Finally  it  should  be  mentioned  that  the  radar  data  processing  program  and 
the  operating  system  use  about  6  k  TP.-86  words  (word  length  =  2n  b  ts>  while  the 
buffers  and  files  need  about  9  k,  thus  leaving  2  k  as  spare  room  in  the  total  16  k 
memory  with  which  the  TR-36  computer  used  is  equipped. 


Results  of  Practical  Tests 


Fig.  11  is  a  picture  of  che  plot  detector  group 
Fig.  12  shows  the  computer  TP  .86 


Until  now  the  whole  extractor  system  has  heen  tested  with  real  PR  video  recorded 
with  a  special  radar  video  recorder  by  Ampex,  Great  Britain,  simulated  SSR-plot 
data  (multiple  SSR-plot  data  prepared  with  the  aid  of  a  Data  Pulse  203  Program 
Generator),  and  simulated  data  transfer.  Simultaneous  running  of  recorded  and 
simulated  Input  data  and  data  output  showed  that  the  computer  system  is  able  to 
handle  the  specified  data  flow  and  that  spare  computer  capacity  is  still  available. 

The  effectiveness  of  the.  rain  suppression  unit  and  the  clutter  eliminator  in  the 
PR-charnel  is  shown  by  several  photographs  taken  from  the  monitor  PPX.  Another 
photograph  shows  the  output  data  of  the  extractor  system,  presented  at  the  monitor 
PPI  as  different  types  of  symbols. 


Conclusion 


This  abstract  was  to  demonstrate  what  great  efforts  have  been  made  durina  recent 
years  in  radar  plot  extraction  technique.  One  of  the  main  tasks  W23  to  develop 
efficient  plot  extractor  systems  for  practical  use  in  ATC.  Among  the  work  done 
for  year3,  particularly  in  USA,  Great  Britain,  France,  Sweden,  and  also  ir  West 
Germany,  the  system  just  described  may  be  one  of  the  most  modern  and  efficient 
ones,  especially  because  of  its  use  of  the  process  computer. 
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FiG.2  PRINCIPLE  OF  HIT  DETECTION 


FIG.  1  BLOCK  DIAGRAMM  OF  AN  ATC -SYSTEM 
WITH  AUTOMATIC  RADAR  DATA  PROCESSING 


FI0.3  PRINCIPLE  OFSUDING  WINDOW  DETECTOR 


FIG.  6  COMBINED  PR/SSR  PLOT  EXTRACTOR  FUNCTION  DIAGRAM 
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FIG.  9  BLOCK  DIAGRAM  OF  SOFTWARE  STRUCTURE 
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The  result*  of  experiments  with  a  noise  radtr,  j*rfon»d  in  196U,  ere 
given.  Attention  has  been  foewsed  on  a  flexible  crota-aectioa  of  a 
possible  c caplets  system.  As  a  cauequeneo  of  this  ve  were  able  to 
check  in  a  straightforward  asnaar  the  syotew  performance  viVn  relatively 
simple  hardware.  Several  feature*  of  the  aystea  have  been  shown,  vis.: 

-  the  antenna  system  can  be  used  as  a  space  filter; 

-  thero  is  an  optica  for  sxiiiutfc.  measurement  by  necher.icnl-  or 
frequency-scanning. 

A  discussion  will  be  given  of  the  adrafttagea  sad  disadvantages  of  such 

a  systea. 


i->  nmoDumoB 

In  tbs  literature  several  reference;:  can  be 
found  quoting  noise  as  a  possible  radar  signal  source 
(1*  2,  3,  k,  5,).  However  application  of  this  type 
of  signal  in  a  systea  has.  as  far  os  we  know,  only 
been  Mentioned  a  few  tines  (6,  7,  6).  For  this  reason 
it  tuy  be  of  interest  to  give  the  results  of  our 
experiment  with  a  noise  radar  performed  in  19®*. 

Prior  to  the  present  experiment  we  did  scae  work  on 
oitrowaiMf  correlators  for  measuring  purposes.  As  so 
example  a  naise-refls  ctomrter-aysrea  could  be  mentio¬ 
ned.  In  fact  it  is  »  rsdaroystea  for  short  distances 
but  with  a  high  resolution  {about  30  cm}  and  s  high 
accuracy  in  targev-distsness  (shout  1  cs)  and 
target  strength  (about  5  JO.  In  fig.  39.1  an  example 
of  s  measurement  is  given.  Our  further  research  was 
directed  to  the  use  of  frequency  dispersive  antennas 
sa  a  means  to  spread  the  available  frequency  spectra* 
in  specs.  For  wham  a  broadband  signal  (e.a.  a  noise 
signal)  is  transmitted  by  sn  end  fed  linear  array, 
tbs  spectrum  of  this  signal  will  be  spread  out  in 
space  owing  to  the  antenna  "squint"  (fig.  39*2). 

In  a_ direction  •>  in  the  far  field,  the  spectrin 
received,  will  have  a  center  frequency  specified  by 
the  direction  t  sad  a  font  specified  by  the  antenas 
pattern.  The  bsndwidthgOf  this  apecthmt  with  mu 
antenna  besnridth  of  t-MS>  and  a  squint  factor  of 
K  ‘VMKx,  will,  be:  B  for  detactics  of 

a  signal  that  has  been  reflected  by  am  object  in  a 
direction  •,  the  receiver  should  be  matched  to  the 
signal: 

a.  in  tbs  frequency  domic, 

with  a  filter,  witft  cent*?  frequency  f,  , 
and  a  form  dependent  on  the  been  patten* 

b.  in  the  tine  donate, 

with  a  correlator,  because  ve  deal  with  a 
noise  signal. 

The  block  diagram  of  the  noise  radar  with  a  disper¬ 
sive  system  will  Ve  as  gives  in  fig.  39.3.  In  the 
ideal  case  a  precise  distance  measurement  car.  theore¬ 
tically  be  done  by  dmu  of  the  maximum  of  the  fine 
structure.  But  as  result  of  fluctuations  in  electro¬ 
magnetic  propagation  end  target  motion,  the  delay 
time  r  is  subject  to  variation a.  Therefore  am  envelope 
correlator  detector  is  required.  Three  possible 
configurations  for  envelope  correlators  are  given  in 
figures  39. k  a  to  c.  In  the  appendix  7.1  more  details 
of  these  circuits  appear. 

2.  THE  SCOPE  OF  THE  EXPERIMEST 

Tbs  object  of  the  experiment  was  an  investi¬ 
gation  into  a  complete  noise-radar  system,  making  a 
cross-section  of  the  system.  In  fig.  39.5  a  block 
diagram  of  a  complete  system  is  gives.  Target 
bearing  is  measured  by  meins  of  the  filters  Fj  to  F  , 
target  range  by  memxs  of  the  dslayst  ,  toT  , 

*  B 


while  target  velocity  is  measured  by  asens  of  the 
doppler  shift  f-,  in  filters  ?4|to  f^.  The  obser¬ 
ved  space  is  divided  is  n  x  m  apace-ceUs,  and 
each  cell  will  be  divided  in  1  doppler  slots. 

A  cross-section  as  mestimed  can  be  given  by: 

a.  one  direction,  given  by  and  n  delay 
steps,  with  n  carre'  and  n  x  1 
doppler  filters; 

b.  one  distance,,  given  by  end  a  bearing 
filters,  with  a  correlators  and  ail 
doppler  filters; 

e.  cot  direction,  given  by  F*.  and  one  dis¬ 
tance,  given  by  t  =  ,  with  one  correlator 
and  one  doppler  slot,  fdA. 

If  in  the  third  alternative  »  V  t*  and  fd>i  are 
made  variable,  a  good  impression  of^the  behaviour 
of  a  couplets  system  may  be  obtained.  The  scope  of 
sa  experiment  with  such  a  flexible  set-up  is: 

a.  to  test  the  principle  of  noise  radar 

a*1.is  it  in  fact  possible  to  detect  a  tar¬ 
get  in  very  poor  S ft  conditions  T 
a. 2. can  a  dispersive  linear  array  be  used 
as  a  apace  filter  T 

a.3.ia  it  possible  to  resolve  targets  with 
different  speeds  in  the  asms  space- 
cellf 

a.k.vhet  ia  the  optima*  bandwidth  of  the 
bearing  filters! 

a.  9. is  it  allowed  to  extrapolate  the  results 

of  erss  space-cell  to  a  system  with 
n  x  1  x  1  facets  ? 

b.  to  discover  the  drawbacks 

b. l.tbe  detrimental  effect  of  the  cross¬ 

coupling  between  transmitter-  and 
receiver  entenna; 

b.2.tbe  influence  of  nearby  targets; 

b. S.the  effects  of  spurious  signals  in 

the  oelsy  line. 

c.  measurements 

c.  ) .iarget*position  and  velocity; 
c, 2. cross  correlation  function; 

c.3. sntenna  squint  characteristics. 

3.  THE  STS TEX 

3.1  Systea  requirements. 

Another  object  of  the  experiment  was  to 
verify  the  expected  theoretical  relations  of  the 
various  parameters.  Therefore  it  is  of  little  use 
to  specify  in  advance  center  frequencies,  bandwidth, 
etc.  As  a  consequence  of  this,  it  was  decided: 

-  that  the  mexinua  bandwidth  of  the  receivers 
should  not  he  limited  by  the  choice  of  the  delay 
lice; 

-  to  construct  one  filter-correlator  combination, 
with  the  requirement  that  the  center  frequency 


cod  b-ndvidth  of  the  filter  eust  be  variable; 

-  to  obtain  the  speed  inforcitior.  free  the  fluc¬ 
tuation  rate  of  the  fine- structure  of  the 
correlation  f-inciivii, 

Fre*  the  stove  the  principle  of  the  cystea  can  be 
given.  The  net  hod  given  in  fig.  39«i*-c  is  nost 
au-'.<tble.  The  reasozt  for  this  are  tne  following: 

-  there  are  no  iaagt)  frequencies; 

-  the  videobaadwidch  can  be  httf  tne  r.f. -bandwidth. 
Tne  video  anplificrs  (filtera  F-,  and  F-.)  are  not 
code  as  real  lcv--aas  filters,  but  a  cut-off  fre¬ 
quency  >  f j  is  given  for  the  lower  frequencies. 

Then  signals  with  a  frequency  f1  are  suppressed, 
they  originate  at: 

-  the  S.S.Bt-sodulator,  by  crosstalk; 

-  the  aixer,  as  x  consequence  of  unbalanced 
snplitude  sodulation. 

In  fig.  39.6  the  blocs  diagraa  of  the  realised 
system  is  given. 

3.2.  Transmitter 

The  transmitter  consists  of  a  noise  source 
and  of  two  travelling  wave  tube  amplifiers.  As  a 
noiaa  source  a  fixed-frequency  magnetron  type  J?  9-7A 
was  used.  It  is  possible  to  bring  a  magnetron  into 
a  condition  of  high  noise  output  without  stable 
or  unstable  oscillations.  The  best  results  were 
obtained  by  shunting  the  cegnetroc  nagast.  This 
shunt  has  a  great  influence  on  the  spectnx  for*, 
while  both  the  anode  voltage  end  heater  current  will 
effect  the  output  power.  With  a  noise  figure  of 
6o  dB,  a  bandwidth  of  SCO  MHs,  sad  an  eaplifier 
gain  of  about  5*  dB,  the  available  output  power 
was  350  mV, 

3.3.  Antenna-system 

The  antenna-systeo  consists  of  tvo  iden¬ 
tical  end-fed  slotted  wav*  guide  serials,  with  a 
length  of  5,5  s.  They  ere  Mounted  with  a  Special 
frane  on  a  gearbox  with  servo-dri  re  {fig.  39.7). 

Each  antenna  hea  a  besavidth  of  O,ho  between  the 
-3  dp  points,  U  sidelobe  level  of  -26  4E,  end  a 
gain  tt  35  dB.  The  squint  factor  of  this  type  of 
antenna  is  8.83  x  10*3  With  a  uniforn  noise 

spectra*,  the  transmitted  arpectrun  in  a  direction 


9  ,  will  be: 


*>*•  AS  MHs 


After  reception  with  en  identical  antenna,  the 
bandwidth  is  reduced  to  22  KSs,  The  cross- coupling 
between  antennas  was  about  -70  63,  mainly  due  to 
the  two»rtuawel  rotating  joint.  It  could  be  impro¬ 
ved  to  approximate  -ISO  63. 

3.*.  Delay  line 

To  meet  the  specification  for  the  delay 
lisa  much  m:  a  broad  bandwidth  of  200  MU*  and 
a  delay  of  at  least  20  u  sac. ,  a  microwave  delay 
line  was  used.  This  comet*  of  a  son-dispersive 
trsnaeittin*  and  receiving  suteana  system,  a  pro¬ 
pagation  path  reasonably  free  of  secondary  obstruc¬ 
tions,  a  reference  target  and  a  travelling  wave 
tube  cfipiitier.  In  this  delay  line  spurious  res¬ 
ponses  were  masiwsUy  18  dB  below  tbs  wanted  sig¬ 
nal.  for  this  rsssso  there  was  cone  inaccuracy 
in  the  measurements  of  correlation  functions. 

A  variable  delay  line  was  used  in  the  video  ampli¬ 
fiers  j’with  a  aeninw  delay  line  of  about  0.5.«eec 
in  steps  of  6.6.  nsec  {■  la), 

3.5.  Correlator  perforaance 

The  transfer  function  of  the  receivers  are 
gives  ia  fig.  39.8.  With  a  imifora  spectral  co  the 
input  of  the  miners,  the  Measured  envelope  of  the 
trees  correlation  function  is  as  given  in  fig.  39.9* 
The  lack  of  symmetry  indicate*  that  the  phase-trans¬ 
fer  function*  of  the  tvo  amplifier*  ere  not  identical. 
Computer  calculations  give  the  phaae  difference  func¬ 
tion  erg  3(f)  of  fig,  39.10. 


fhero  was  no  tine  to  correct  this  difference,  ""he 
sensitivity  of  the  correlator  receiver  is  depen¬ 
dent  on  the  two  input  signal  levels.  In  fig.  39.11 
this  dependence  is  giver  for  *“>  output  sisnxl-to- 
noise  ratio  of  10.  Froa  this  figure  it  can  be  seen 
that  there  is  on  optimum  level  for  the  reference 
channel  of  about  -50  din.  This  can  be  explained 
by  the  fact,  that  for  snail  reference  signals  the 
coovorsionloss  increases,  while  for  greater  refe¬ 
rence  signals  the  self-noise  increases. 

The  output  signel-to-soise  ratio  ia  dependent  en 
the  system  function.  If  the  power  of  the  output 
signal-  and  noise-components  are  measured  behind 
the  low-frequency  bandpass  filter,  the  (S/H  )oUt 

“  '’’tel  t(j).  ft), 

„  w-  ^ 

where:  J 

B  *  the  effective  bandwidth  of  the  video 
receiver;  {  =>  1>,7  MHs); 

B1»  the  effective  bandwidth  of  the  inter- 
gratioo  bandpass  filter;  (*  6o  K«); 

(S/K), -correlator  input  sigasl-to-noise  ratio 
in  signalling  channel; 

(S/Kjg-correiator  input  aignal-to-aoise  ratio 
in  reference  channel. 

The  input  noise  is  partly  of  the  t hemal  origin 
sed  partly  due  to  the  cross-coupling  effect' 

N-»  Nt+-ta»S* 


Bt  *  input  tbs  mil  noise  power 
cx  e  the  cross-coupling  factor 
Pt  *  average-transmitted  signal  power. 

In  «i*v  of  this  the  following  signal- tc—nois* 
values  ware  available: 

10  log  (|),  -  -35  68 
10  log  (|)2  »  -10  dB 

The  output  signal-to-soise  ratio  ia  this  case  ia: 

10  log  (f)^  -  +  12  dB 

la  'he  correlator  circuit  itself  we  found  a  maximum 
diaergreement  between  theory  and  practice  of  about 
-h  dB,  due  to  the  1/f  noise  from  the  diodes  ia  the 
multiplier  circuit.  Therefore  e  minimum  output  eig- 
aal-to-Boiae  ratio  of  v6  dB  is  to  he  expected. 

3,6.  System  poeaibilitieo 

The  realised  system  possibilities  are: 

a.  Target  detection  under  very  low  aignal-to- 
ucise  conditions; 

b.  The  antenna- system  is  used  as  a  space  fil¬ 
ter; 

c.  As  a  result  of  (b),  there  is  an  option  ibr 
asimuth  maasuremant  by  antenna  rotation  or 
by  local  oscillator  frequency  timing,  or  a 
combination  of  both; 

A.  For  distance  measurement  there  is  a  choice 
be.~«ees  either  microwave-,  i.f.-,  or  video 
dele,'  lines,  or  c  combination  of  the  same. 

e.  By  proper  selection  of  signal-bandwidth  the 
accuracy  of  distance-  and  bearing  measure¬ 
ment  cm  be  exchanged; 

f.  Radial  target  velocity  is  obtained  by  mea¬ 
suring  the  doppler-ahift  of  the  microwave 
signs!.  A  reference  wuppler-ahift  can  he 
introduced  to  measure  different  target  ve¬ 
locities  with  a  fixed  filter. 

k.  RESULTS 

k.1.  Target  detection 

Bor  this  measurement  we  used  a  conveniently 
situated  fined  target.  Detection  cm  be  ec- 
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ocmplishal  by  scanning  in  distance  as  mil  u  in 
uxiauth.  figure  39*12  sirae  the  result  for  asimtttfc 
scanning  sad  a  fixed  delay,  figure  39.13  the  law 
for  distance  scanning  and  fixed  bearing.  Fro® 

0S -  la. - .  v.a  —  .i— a- _ —  —  f 

eemsm  ee^wa*®  *v  wau  ue  u«Wt  VUItV  «  »dgU»AMWnWi» 

ae  ratio  of  at  l~-tst  ♦  5  4B  ban  bees  realised.  It 
has  been  therefore  provci!  possible  to  detect  a  tar¬ 
get  with  a  noise  radar* 

b.2.  frequency  scanning 

for  a  linear  array  the  relation  between  the 
direction  of  the  man  be  as  (with  respect  to  the  nor¬ 
mal)  and  the  frequency  (or  vsvelength)of  a  C.  W.  - 
signal  ia  given  by: 


(fig.  39.3) 


xe  *g„ 


An  approximation  for  small  angles  ia: 


e*s  tt 


hf-f-f^ 

foo  *  ftn-wey  for  hem  direction*  «  0 

K  «  squint  factor  :  in  this  case: 

6.83  10“3  °/Hh* 

In  fig.  39.  Ik  tba  results  of  the  maauramnta  are 
given  there  in  stead  of  a  C.V. -signal,  a  noise  sig¬ 
nal  with  a  bandwidth  of  ll  Khx  id  used.  The  measu¬ 
red  points  of  the  mesa  beam  direction  are  given 
along  with  the  theoretical  curve.  Use  agreement  ia 
quite  goo*,  the  measured  diagram  of  the  antenna 
system  as'  a  space  filter  are  shown  in  fig.  39.15. 
the  signal  bandwidth  affects  the  accuracy  of  the 
bearing  measurements.  As  long  as  tbs  bandwidth  of 
the  reoeiver  filter  is  mailer  than  the  equivalent 
bandwidth  or  the  antenna  system,  thero  is  little 
loe*  in  directivity.  In  the  other  eases  s  loss  must 
be  enpeeted  as  cab  be  seen  is  fig.  39.16.  It  till  be 
obvious  firm  the  above  that  there  is  *  possibility 
to  axabanga  accuracy  in  diatmee  and  direction. 

More  details  will  be  givan  is  appendix  7.2.  10  mack 
the  correspondence  of  frequency-  and  mechanical  asi- 
uath  scan  we  did  two  maaurments: 

a.  with  the  antenna  aim-1  at  the  beget,  the 
local-oa  cillxtor  was  swept  over  a  broad 
frequency  bend,  md  the  correlator  output 
was  measured; 

b.  with  tbs  local-caeillator  at  a  fixed  fre¬ 
quency  the  mtanaa  was  rotated. 

Figure  39.17  shorn  the  results  obtained. 

1.3.  Dcpplar  masurenenta 

To  get  an  insight  ia  the  behaviour  of  the 
qr*tm  c -  moving  targets  we  used  a  reference  tar¬ 
get  that  causes  a  dcpplar  shift  of  23C  Hx.  Thfi 
asm  dcpplar  filter  cm  be  used,  only  the  audio- 
oscillator  oust  he  tuned  to  (f.  *  230)H*.  In  fig. 
39.18  the  results  are  illustrate?.  Vitn  the  method 
used  it  ia  possible  to  detect  cad  measure  the  speed 
of  moving  targets  against  a  background  of  high  le¬ 
vel  fined  objects.  The  crosstalk  between  the  Sopp¬ 
ier  filters  is  given  by  the  dcpplar  filter  charac¬ 
teristics. 

3.  MSC05SIO*  OF  THE  HESUITS 

On  the  base  of  these  results  it  now  be- 
eomes  possible  to  check  in  bow  far  the  objects 
of  the  experiment  have  bean  met: 

5.1*  Teat  of  the  principle  of  noise  radar 


5.1.1.  It  is  ibdsad  possible  to  dataet  a  target 

in  ymyy  wy>i*  ftAf  awj  ♦V*jJ  5T5S 

with  non-optinua  hardware  with  a  (S/S  5^  *  -35  dB 
the  (S/S)out  3+12  dB. 

5.1.2.  A  dispersive  linear  array  can  he  used  vs  a 
space  filter;  even  for  a  broadband  noise 

si£ial.  The  matured  relation  between  direction  and 
frequency  ie  in  good  agreement  with  the  theoretical 
curve,  provided  the  bandwidth  of  the  transnitted 
apectnm  is  much  greater  than  the  receiver  band¬ 
width.  Mechanical-  and  electrical-scanning  gave 
almost  the  asm  results.  However  the  electrical¬ 
scanning  method  is  very  sensitive  to  interferenca, 
originating  from  spurious  signals  in  the  delay-path. 

5.1.3.  Targets  in  the  asm  space-cell  but  with 
different  speeds  can  be  resolved  by  mes- 

suiing  the  dsppler  shift.  The  crosstalk  between  the 
different  doppler  channels  ia  given  by  the  filter 
characteristics . 

5.1. *t.  in  appendix  7.2  a  relation  ia  given  for  tba 

optimum  bandwidth  of  the  bearieg  filter. 

There  will  be  kittle  loss  in  bearing  accuracy  as 
long  as  the  equivalent  bandwidth  of  the  videofilter 
in  smaller  than  or  equal  to  the  antenna  "bandwidth": 

B  <  6  _34ji/2K\£.  Ibis  agrees  quite  well  with  the 
measurements.  The  antenna  patten  broadens  as  soon 
as  the  bandwidth  of  tba  bearing  filter  is  greater 
than  the  bandwidth  of  the  received  signals.  This 
results  in  fewer  independent  directions. 

5.1.5.  Bearing  is  mind,  that  we  would  like  to  extra¬ 
polate  the  p?  -sent  results  on  one  space  cell 
with  <ce  doppler-alo .  (one  facet)  to  a  system  with 
n  x  m  x  1  facets,  we  cm  remark  that: 

-  it  ia  possible  to  get  an  insight  in  the  behaviour 
of  a  complete  system  by  comparing  the  different 
asaeuramtnts  tor  one  facet; 

-  a  specification  can  be  given  of  filter-  and  ampli¬ 
fier-bandwidth,  of  amplification  factors,  of  mini¬ 
um  noise  factors,  of  maximm  allowable  spurious 
ai0Mls  in  delay  lima,  etc. 

-  however,  the  dynamic  behaviour  of  such  a  systm 
of  a  x  m  cells  cm  not  he  predicted  trem  these 
experiments; 

-  for  the  design  of  a  more  complex  system  the  know¬ 
how  of  one  facet  is  in  fact  essential;  but  multi¬ 
plying  the  hardware  of  one  to  n  x  n_x  1  -  facets 
will  not  necessarily  provide  an  optimum  system. 

5.2.  The  system  drawbacks 

The  cross  coupling  between  transmitter-  and 
receiver-antenna  was  about  -  70  dB,  Because  the 
transmitted  power  was  not  so  high,  the  self-noise 
was  below  the  1/f-aoiae  of  the  correlator.  This  was 
also  true  for  the  nearby  targets.  However  the  spu¬ 
rious  signals  is  the  delay  line  on  the  one  hand 
and  the  crosseoupling  together  with  reflections 
firem  nearby  targets  ac  the  other  hand  gave  corre¬ 
lated  act  put  signals.  Especially  with  frequency  scan¬ 
ning  this  offset  was  rather  severe.  In  fig.  39.19 
the  correlator  output  signal  ia  given  f-'>'  frequen¬ 
cy-  rasp,  mechanical  scanning.  Tba  interference 
effect  of  the  target  signal  with  the  spurious  sig¬ 
nal  is  obvious  iron  fig.  39.19-a.  The  correlator 
output  signal  in  this  case  ia  (9): 


*  envelope  of  correlation  ftac- 
*  *  tioc  for  the  target 
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s-2Y=-ra?*^r,jJ*'**S».; 


J2(t1[2»f<k  H  *"i  *nvelope  of  correlation  fuac- 
1  tic®  for  the  spurious  signal} 

at  ^  -  delay  difference  for  target 

signal; 

it,  *  delay  difference  for  spurious 

signal; 

fi  “  V<= 

f  *■  local  oscillator  frequency 

f  *  center  frequency  of  antenna,, 

A  2  »  phase  variation  in  the  interference  tern  is 
obtained  for  a  local  oscillator  variation  of: 

„  2 


f  - 
c. 


AT,  -  At, 


6. 


cm-rjmtm 


Free  the  discussion  of  the  aeasuresents  it 
has  been  shown  that  a  noise  radar  can  he  realized. 
Also  is  ham  been  proved  that  the  spectrun  of  a 
noise  signal  can  be  spread  out  in  space  with  a  dis¬ 
persive  array  and  that  position  (distance,  bearing) 
and  velocity  of  a  target  can  he  measured* 

The  difficulties'  that  appear  in  the  realisation 
of  suds  a  system  are  zuny.  This  experiment  hen  been 
very  useful  to  recognise  these  difficulties,  to 
lair®  their  importance,  and  if  possible  to  deal 
with  then. 

The  results  obtained  with  a  dispersive  linear  ar¬ 
ray  have  a  core  general  inport  an  ce  in  that  they  can 
easily  be  extrapolated  to  the  case  of  a  tvo-dimw- 
sicnai  dispersive  array. 

Za  such  a  Conner  the  broadband  noise  signal  can 
he  dispersed  in  two  independent  co-ordinates  vis. 
azimuth  (ri  oca  elevation  (*).  Every  direction  in 
space,  defined  by  e  and  *  is  isuqaely  date  rained  by 
a  specific  center  frequency  of  a  spectrins,  characte¬ 
rised  by  the  squint  factors  K  and  K .  »  Toe  for*  of 
the  spectrun  as  before  vili  depend  on  the  antenna 
pattern.  So  it  should  be  possible  to  obtain  in  one 
measurement  target  position  is  three  dimensions 
(  t,  9,  o). 

Attractive  possibilities  arise  vhen  combining  ne- 
chanical-  and  frequency-* canning.  For  instance  9  se- 
chsaical  scan  and  v  frequency  scan. 

Alternatively  when  scanning  in  one  co-ordinate 
the  combination  in  mechanical-  and  frequency-scan 
offers  the  possibility  to  improve  the  dwell-tiae  on 
a  target. 

A  further  possibility  is  to  sale  the  squint  fac¬ 
tor  K,  which  was  so  far  supposed  to  be  a  constant, 
s  systac  variable.  Every  type  of  signal  has  its  cam 
limitations* 

As  is  knovc  free  the  literature  the  usefulaes.^ 
of  a  random  noise  signal,  as  every  continuous  sig¬ 
nal,  is  linited  by  the  target  eevirorment. 

Hethodr  to  overcome  thl*  linitatioo  have  been 
studied  (  U,  1J-  ). 


The  systems  hardvare  could  be  another  linitatioo. 

The  decision  whether  to  use  a  random  noise  sig¬ 
nal  far  a  particular  application  can  only  be  ar¬ 
rived  at  by  careful  consideration  of  its  weighted 
advantages  and  diaadvantages. 

It  sas  the  object  ~f  this  p»p»r  to  denonatrate 
the  feasibility  of  the  use  of  noise  as  a  radar  sig¬ 
nal,  and  to  provide  sufficient  insight  for  visua¬ 
lized  applications. 
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In  our  case  there  was  a  delay  difference  of 
At  ^  -A:,  ■  0,33  usee,  that  would  give  a  2*  phase 
variation  for  every  6  MHt  of  local  oscillator  va¬ 
riation.  This  agrees  quite  well  with  the  measured 
results.  For  a  1  %  output  fluctuation  and  a 
(S/K).  »  the  spurious  signal  in  the  delay 

line  must  at  least  be  50  dB  below  the  wanted  sig¬ 
nal, 

5-3.  The  measurement  accuracy 

The  accuracy  of  the  measurement  depends 
an  the  output  signal-to-aoise  ratio  and  an  the 
presence  of  interfering  objects.  In  view  of  5.2. , 
both  were  not  too  good  unfortunately.  Differences 
of  1  meter  in  the  distance  to  one  target  could  ea¬ 
sily  be  measured.  The  resolution  between  two  tar¬ 
gets  was  about  30  meter.  The  measured  antenna  squint 
characteristic  agrees  veil  with  the  theoretical  cur¬ 
ve.  Deviations  were  caused  by  the  nen-unifors  trans¬ 
mitter  snectrun. 


7.1.  Microwave  envelope-correlators 

In  the  following  a  discussion  will  be  given 
of  thrwe  methods  to  construct  an  envelope-correlator. 
These  methods  are  shown  in  figures  39.1*  -  a  to  e.  We 
shall  use  the  complex-signal  notation  (10,  It;. 
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Single-sideband  modulator  and  bandpass  corre¬ 
lator 


In  fig.  B9.ea  the  block  diagram  is  given.  In 
this  relative  simple  structure  the  filters  P,  and  Fg 
are  supposed  to  be  microwave  filters.  Filter  F  se¬ 
lects  a  frequency band  from  the  reference  signal.  The 
combination  of  the  dispersive  antenna  and  filter  Fg 
provides  the  bearing  of  the  detected  signals.  It 
will  be  shewn  that  this  circuit  yields  the  envelope 
of  the  correlation  fuacticn.  After  the  filters 
and  Fg  we  have  the  signals 

R«  [yMtet^e***^***^ 

St(i*Ti>  Se^CtaTrf-*”^***^] 

u  j(t)  sndu  _(t)  are  low  frequency  functions  with  re¬ 
spect  to  the  carrier  -o»  The  two  sisals  originated 
from  the  same  source  and  have  different  delay  paths 
t .  sedt-. 

(*)  is  the  output  signal  of  the  single-sideband 
mixer: 

**&)«•  [q(*)- 

where  ygl,  mid  gives  the  suppression  of  the  unwanted 
sideband.  The  multiplier  circuit  gives: 

The  integration  bsndpassfilter  has  an  impulse  reponse 

with  h  (t)  &  reel  function. 

After  thin  filter  we  get:  . 

%<*)  -TU  i[  *s] 

The  following  relatioca  are  used: 

j ^ «tf 

Z(f)  -  .  zW.f).  ir  f>o 

«  O  ,  If  f<0 
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•For  ths  "sigaal"  part  of  g(t)  we  could  wits,  with! 
t  -  f;  Z(o)  -  2,  sad  t^t2  =  t  ; 

The  signals  •.(»)  sad  aP(t)  originate  frori  tbs  ssas 
•cures,  hot  hits  travsrfed  different  path*  with  fre¬ 
quency  amplitude  chsrsctsrictica  H^f)  and  Hg(f): 

where!  W  (f)  »$>  #{f+  f ),  is  the  spsetrua  of  the 
complex  envelope  of  the  source  sigaal: 

%C? f>o 

m  O  f<0 

Substitution  of  these  functions  will  gits  for  the 
envelop*  of  g  ._(t): 


"sign* 


with: 


A/^yViyco»*«'  VRe'JCt)  ♦  I.TjM 

With  a  detector  after  the  bandpass  filter  the  enve- 
lope  of  the  correlation  function  can  be  measured. 

To  scan  in  azimuth  the  filter*  '  end  f0  suit  be 
varied  synchronous. 

The  8. S. 8. -modulator  oust  be  suitable  for  a  band- 
vidta  of  200  MBs. 

The  multiplier  circuit  is  a  balanced  sixer  with 
microwave  sixer-diodes. 

for  a  frequency  aziauth- (can  this  circuit  also 
Bust  have  a  bandwidth  of  ?Q0  KHz. 

An  acceptable  conversion  loss  css  be  obtained 
with  1  sy  of  reference  signal  power  on  the  output 
of  the  S.S.F. -sod dlator .  The  multiplier  circuit 
must  he  well  balanced,  especially  so  to  eliminate 
the  nix-products  of  the  spectra*  of  the  strong  re¬ 
ference  signal.  An  unbalance  better  than  25  dl  be¬ 
low  the  it  put  signal  ia  not  to  be  expected  for  sig¬ 
nals  with  basdwidtheof  20  K£t  lying  within  a  band 
Of  200  KHs. 

Therefore  it  is  recoOEendsd  to  choose  the  canter 
frequency  of  the  narrow  bandpass  filter  outside  this 
spectres. 

A  suppression  of  the  unwanted  siiebsad  in  the 
8.S.8.»sodnlator,  better  than  20  dB  is  not  to  be 
expected,  ao  the  Measured  envelope  of  the  carrel*- 
tico  function  has  a  ripple  of  about  ♦  10  ft 

A  disadvantage  of  this  S.S. a. -modulator  is  the 
snail  pernianshle  signal  level,  the  own  noise  con¬ 
tribution,  and  the  conversion  loss  of  8  A  10  dB. 

Fro*  the  results  of  experiments  with  a  *rt~up 
sc  cording  to  this  nrthod,  we  found  that  for  an 
output  sigaal-to-ncise  ratio  of  10  dB,  an  inter¬ 
ference  free  input  signal  level  of  abmt  -  jo  dB, 
(with  a  bandwidth  of  20  Mb)  is  aaedsd* 

This  Method  is  not  suitable  for  a  radar  system  be¬ 
cause: 

-  the  sensitivity  is  to  low; 

-  the  filters  F1  end  7-  snot  be  tuned  synchronously 

and  with  high  precision. 

7.1.2.  Cash  initial  of  *  normal  correlator  with 
a  "^"-correlator. 


In  fig.  39.t~b  an  ex aaple  is  given.  A  sixer 
circuit  is  front  of  the  multiplier  circuit  shifts 
the  spectra  of  the  si&sala  to  a  bmd  where  it  is 
possible  to  use  conventional  saqilifiero. 

These  amplifiers  could  also  be  used  as  selective 
directional  filters.  When  choosing  the  intermediate 
frequency  care  must  be  taken  to  eliminate  the  image 
frequency  band. 


Therefore  pre-selection  filters  will  be  nescenary. 
in  principle,  aziauth  scanning  is  possible  by  tu¬ 
ning  of  the  local-oscillator,  it  is  possible  to  uaa 
an  i.f.-delay  line.  A  special  th-t  -pprcschcc 

the  third  sechod  nentiooed  in  7.1.3.,  arise*  when 
f0  is  in  the  niddle  of  the  spectrue  of  s(t). 

The  filters  F^,  ?-  and  P-,  sad  the  amplifiers  be¬ 
come  low  pass  circuits  witirbaadwidths  that  are 
about  half  the  bandwidth  of  tbs  incoming  signals. 

It  is  now  even  possible  to  us*  video  delay  lines. 
Moreover  the  problem  of  the  rejection  of  the' image 
frequencies  ia  thereby  avoided. 

It  is  very  important  to  equalize  the  conversion 
loss  in  the  Rult.iplier  circuit  and  the  amplification 
in  channels  2  and  3. 

The  construction  of  a  circuit  for  squaring  cor¬ 
relation  functions  vith  sufficient  stability  wed 
dynamic  range  ia  not  easy.  The  output  signal  ia  tha 
square  of  the  envelope  of  the  correlation  function. 

A  derivation  will  be  given  below. 

The  input  signals  are  again  *,(t  O  and 
*2(t  ♦  *»}  (see  7.1.1.}. 

These  signals  are  mixed  with: 

b(0-  A 


The  output  signal*  of  the  mixers  ar*  filtered  in  the 
i.f.-anplifier*,  where  upon  the  multiplications 
xA(t).x,(t)  and  x*(t).xa{t)  ere  made. 

The  Privation  ia  aaalogoua  to  the  method  given  in 
7.1.  ^  Kith  an  integration  tine  large  vith  respect 
to  the  correlation  time  of  the  signals  end 
v  { r)  =  h  (f)  ,  it  iu  easy  to  sho»  that  tha  out¬ 
put  rignsl  becomes : 

Uartfe)  “  (tT  ffie  3fr)  t  Li!  J(t)] 

with:  ^ 

-3** 

7.1.3.  Bandpass  correlator  with  video  amplifiers 

The  correlator  receiver  element  fter  tha  pre¬ 
sent  radar  syata*  has  been  build  according  to  this 
principle  (fig.  39.*-«). 

Again  the  input  sigptala  asm  s,(t  ♦  t^)  and  a2(t  ♦  r2>. 
Tbs  local  oscillator  signals  are: 

aftJ.AKefe***44] 

and  a  signal  that  ia  shifted  is  frequency  by  n 
S.S.B.-*odnlator  over  f^Hs  (f,*  1  *»)> 

The  frequency-difference  terms  in  the  mixer  output 
signals  will  be  passed  by  the  video  filters. 

After  the  video  amplifiers,  with  frequency  amplitu¬ 
de  characteristic*  and  ^(f)  ve  gat  the 

signals  xA(t),  reap.  x*(t).  The  signal  (sA(t>.  x»(t) 
is  integrated  is  a  bandpass  filter  tuned  to  fj» 

The  envelope  oftbe'sigaal  term  of  the  output  sig¬ 
nal  ia: 

!sMo|-  ^v/rc 

with: 

Jfc)-  Jis(fVf«)jlK.(#}H«a  M*  (0  H»(f) 

•HBm 

In  the  video  amplifiers  it  ia  possible  to  delay  tha 
signals  by  a  video  delay  line.  The  bandwidth  of 
this  delay  line  say  be  half  the  bandwidth  of  the 
receive#  signals.  By  choosing  f  soaesberw  inside 
the  spectral  of  the  signals  v,(t)  snd  w-(t),  s.(t) 
and  *2(t)  art  selected  and  band  limited  cy  the  low 


pats  filters  F^  sad  Fg.  The  correlator  input  »ig- 
aele  are  select  el  rather  vith  filters  sywaetric 
$hAut  f  end  vith  a  ness  bead  given  by  P,  sad  Fa. 
Azimuth  scanning  is  obtained  by  tuning  c t  the  1&- 
cal  oscillator. 

The  frequency  shift  f^  is  essential  for  the  de- 
teminatiiStt  of  the  envelope  of  the  correlation 
function. 

Without  this  frequency  shift,  the  correlation 
function  vith  fine  structure  would  be  measured  as 
a  D.C. -signal.  Choosing  fj  <1  KHz  has  various  ad¬ 
vantages:  ‘ 

-  the  filters  F}  snd  F0  can  be  identical; 
when  f  ?  «  bandvidth,'of  the  filters; 

if  Fj  and  ¥  are  not  real  low-pass  filters,  but 
have  a  cut-off  frequency  »f,  signals  with  fre¬ 
quencies  f . ,  resulting  fron  the  S«S»B. -modulator, 
as  a  result  of  cross-talk,  are  suppressed; 

-  the  t/f-noiae  free,  the  microwave  nixer-diodes  is 
also  suppressed; 

-  integration  filters  with  a  bandwidth  of  about 
100  Hz  are  easily  realized. 

7.2.  Influence  of  receiver  bandwidth  or  bearing 
resolution 

The  amplitude  transfer  characteristics  of 
a  linear  array  in  a  direction  e  is: 

•ft 


sr  J  aw  x 


with: 

a  •  length  of  the  array 
A(x)«  the  illumination  fuactica 

1*{f»0)*  w  -  -jf®  ^,0  -  sin  0 


6  •  0,  for  f  -  foo 

If  the  antenna  in  aimed  at  a  target  in  a  direction 
to,  sad  the  receiver  is  tuned  to  &  center  frerutney 
*c»  (fig.  39.20),  vo  have: 

for  f'  -  fo:U(fo,0  e)«  c.  end  sin  ^  »  KC^-f^) 
for  f*  »  f0*sf*fc*f  U  sin  ^-zia 

vi^n  3*nec  aia^  »K(fc-f0i 

K  *  Wbo^-oo*  38  approximately  constant  for  snail 
frequency  deviations. 

In  case  of  a  constant  local  oscillator  frequency 
fc  and  a  rotating  antenna,  0C  is  constant  sad  ^ 
is  the  variable  azimuth  angle  vith  respect  to  the 
normal  to  the  array. 

For  a  constant  delay  difference  t  ,  the  output  of 
the  correlator  will  give  an  "antenna  pattern"  vith 
center  3^. 

This  antenna  pattern  is  measured  as  the  envelops 
of  the  correlator  output  sigsal: 

JjCc,A®)j -i  Jjs<f  I 

with:  S(f  ♦  fc)  2  »  aoia*  source  power  apactrun 

H^tf)  *  amplitude  transfer  characteris¬ 
tic  of  transmitting  antenna 
’i-(f)  =*  the  an  for  the  receiving  an¬ 
tenna 

M  *  #c  " 

For  a  symetriiol  illumination  Auction  A(x),  Hft(f) 
ia  a  real  function. 

If  the  transmitting-  and  receiving-antenna  are  in- 
denticalf 

Kmt.{f'  •  Har(f )  -  Xa(f) 


gV ^ j  Kid  Hgg \x )  fui  uw  JTicci^r  wpXituM« 

transfer  characteristic** 

'dsi(f)  is  th*  amplitude  transfer  charaetaristica 
for  snv»  other  filter. 

The  matching  condition  for  aaxiaua  output  sig¬ 
nal  and  constant  dft,  is: 

Ha2(f)H,2(f)  -  H2i(f)H2g(f) 

The  two  receiver  filters  are  aide  identical  to 
ensure  equal  phase  functions,  while  H?1  (f)  coulf 
be  used  r»  a  correction  filter  in  cate  of  an  •jnsisetrid 
A(x).  With  these  assueptions  we  get: 

K12(f)  -  H^Cf)  *  H(f) 

H21{f)  «  1 

With  a  broad  uni  fora  source  apectrua,  the  norma¬ 
lized  antenna  tearing  characteristic  will  be: 

lj(o,4Q)| 

13(0.0)1 s  I 

Inaight  in  the  influ'rce  of  the  receiver  bandwidth 
on  the  bearing  resolution  can  be  obtained  by  using 
none  approximations: 

For  in-tan ce  if  the  filter  transfer  function  ia  a 
gauss  ion  function  and  the  standard  deviation  ia  de¬ 
fined  as:„  ^  b 

»  T) 

then:  &•  1,179 

if:  B"  the  bandwicth  between  f  *  o  and 
f  "  f-3dB 

The  acts  ia  dene  for  the  antenna,  for  which  th* 
standard  deviation  is: 

»a,Jl ® 

a  2D 

Vith!  ®-3dB  *  the  antenna  beawidth  betvean  the 
-  3  dB  points. 

T be  normalize  i  antenna  characteristic  baeoana  ia 
this  crae: 

IJ(o.a©)I _ r »  a©*  i 

ircnr 

The  "bassnridth"  of  this  pattern  will  be: 

*-mm  +  (fsjrF 

A  measure  of  tbs  loss  in  tbs  angular  r***lsticn  could 
be  defined  as  the  ratio  s 


7  *-  TnUr 


In  the  experieeat  we  used  two  video  baodvidtha 
which  where  equivalent  reap,  to  a  "broad"  r.f. 
bsndwidth  of  about  30  KHz  end  a  "narrow"  r.f. 
bandwidth  of  about  th  MSS. 

The  sat  ton  a  boanvidth  was  O.k  ° 

For  the  two  cases  wa  obtain  reap: 

with  2£  -  39  KBs:  -7  •  0,73 
with  23  »  Ik  MHx:  «  0,91 

Fron  the  nsaauranastu  (fig*  39.16)  follows  reap.  : 
7  •  0,71  «n47»  1.  This  agrees  quite  wall. 

It  can  be  shores  that  the  receiver  bandwidth  B, 
which  would  give  joist  cptisan  raaalutioe  is  dis¬ 
tance  ae  well  as  ia  angle  is  given  by  the  relation: 

B*  Vw/T 


■  ("«***,  « '*'y?i.  ■■' f." 
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'*fcf«A<e  reflect***  reflection  of  horo 

(Hybrid)  r«c.os  r*0.03 


*>».»  S.lp* 


•f 

reflector 


»  dtocK  diagram  uf  hefl  ectoheten 


k.  CORRELATOR  OUTPUT  SIGNAL  -  FOR  CROSS  •  COUPLING 
OP  HYBRID  (REFERENCE  .REFLECTION*),  AND 
REFLECTION  OF  HORN, 

(S«  VSWR) 


c  CORRELATOR  OUTPUT  SIGNAL,  AS  M  fc,  AND  KORN 
PLACEO  IN  FOCUS  POINT  OF  A  PARABOLIC  REFLECTOR. 


rtftrcl’pn  •<  |nf»b*lic 
KtlHKi,  partly  mctchrP 


»*V» 


S-'p»  5.'** 


4.  CORRELATOR  OUTPUT  SIGNAL,  AS  INC.  PARABOLIC 
REFLECTOR  PROVIOEO  WITH  A  .VERTEX  PLATE* 


Fig.  1  Kxcrr.pl e  of  ce Qstir«r.cn i  with  a  microwave;  noise- reflectotceter  oysters.  Matching  of  a 
Parabolic- reflector  at  9000  MHz.  Spectrum  bandwidth:  1000  MKz 


Fig.  £  Linear  ar«y  as  s  space  filte; 


■ 


A  Arg  Htf » 


1 


Fig.  10  Calculated  phase-difference  function  of  the  correlator  receiver 
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-80  -  60  -  40  -  30 

- ►  10  log  Sj  (dBm) 


Fig.  11 


Irput  signal  level 


S.  as  a  function  of  the  reference  signal  level  S2 
for  iS/N)oufc  =  10 


A  U(0) 


Fii’,  12  Correlator  output  signal,  for  mechanical  arimuth  scanning  over  50° 


9000  9050  9100  9150  9200  9250  9300  9350  9400  9453 

- a-t.iMHz) 


Fig.  14  Antenna- squint  ice3eurement  with  HUB  A3  (narrow  video  bandwidth) 
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EQUENCV  SCANNING 


B  MECHANICAL  SCANNING 
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10  tog  |H(fc  +  f)|2 

T  10  log  Ha2(fc*fs0) 
(dB)  ! 
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RADAR  D'EVITEMENT  D'OBSTACLES  POUR  HELICOPTERE 
Gerard  COLLOT 

ELECTRONIQUE  MARCEL  DASSAULT 
-  Saini -Cloud  -  FnAnCZ 


SOMMAIRE 

Le  radar  SAIGA  a  EtE  dEvelopp E  par  l'ELECTRONIQUE  MARCEL  DASSAULT  aoua  contrat  du  Sen/ice 
Technique  dea  TElEcommunicat’ons  de  I'Air  en  1966  et  1967.  Les  essays  en  vox  ont  commend  en  1968 
et  se  »or.t  poursuivis  juaqu'J  la  mi  1969.  A  la  fin  de  ces  essaia  en  vol,  il  y  a  eu  plusieurs  Evaluations 
tant  frangaises  qu*Etrangires  pour  verifier  la  validity  du  matEriel  dans  differente*  condition*  de  vol. 

CARACTERISTIQUES  PRINCIPALES 

frequence  d'Emission 
puissance  crCfe  d' Emission 
largeur  d'impulsion 
antenne  :  diambtre  approximate 
largeur  du  faisceau 
facteur  de  bruit  global 
stabilisation  de  1 ‘antenne 
volume  cxplorE 

en  gisement  par  rapport  %  l'axe  helicoptEre 
en  situ  par  rapport  au  vecteuf  vitesse 

Figuration  de*  Echos  danggreux 

pour  une  vi:e*se  comprise  entre 
pour  une  altitude  de  garde  mini  male  de 

Presentation  de*  informations 


Tests  intEgrEs 
Poids 

radar  avec  radome 
indicateur 

Conaommation  Electrique 

rEseau  200  V  -  400  Hz 
rEseau  28  V  contisu 
rEseau  26  V  -  400  Ha 

PRINCIPES  DE  FONCTIONT^MENT 

Le  radar  SAIGA  est  un  matEriel  hcliportE,  il  permet  le  vol  tout  temps  1  trfcs  basse  altitude.  Lea  prin- 
cipes  mis  en  oeuvre  dans  le  radar  SAIGA  sost  adaptEs  aux  conditio..*  particulibres  du  vol  d'un  hElicop- 
tEre ,  appareii  qui  peut  s’enf oncer  profondEment  dans  le  relief. 

L'Ecuipement  se  compose  easentiellement  de  deux  uaitEs  : 

•  le  radar  proprement  dit,  montE  dans  le  nez  de  1'hElicaptEre  et  dont  le  rfile  est  d'explorer  l'es- 
pace  E  1’intErieur  duquel  le  vol  v*  se  poursuivre  (figure  40-1), 

•  I'iadicateur ,  install  E  dans  le  posts  pilote,  dost  la  face  a '/ant  groupe  tcutes  les  commande*  d'ex- 
ploitation  (figure  40-2), 


35  000  MHz  (bande  Ka) 
de  l’ordre  de  7  kW 
0,2  ps 
450  mm 

1.3* 

inJErieur  E  13  dB 
en  roulis  et  tangage 

supErigur  1  +  f,0* 
supErieur  i  +  1 0* 

par  rapport  J.  une  ligne  de  rEfErence 

0  et  500  km/h 
30  m 

type  C  ou  ’tElEvision"  (limit Ee  1  5  km] 
type  B  :  Echelle  2  ou  5  km 

permanent* 


50  kp  environ 
1 9  \ci  environ 


infurieure  &  700  VA 
inf  irieure  8  2  A 
inf  Srieure  E  30  VA 


40-2 


SaSSr«ss^s“ iJtJSP** 


L'ensemble  constitue  un  materiel  runtique ,  compact  et  ldger,  qui  allie  la  facility  d' installation  &  u»o 
maintenance  aisee.  11  repond  aux  normes  cor.cernant  les  matdriels  adroportds  et  a  dtd  con;u  en  tenant 
compte  des  condttions  d'environr.ement  rencontrdea  X  bord  d'un  heiicoptbre. 

La  realisation  X  haute  densite ,  fait  appel  X  des  elements  d'une  technologic  avanede  :  transistorisation 
trhs  pous.de,  circuits  integrfs,  circuits  irnprimds, 

G'est  pourquoi,  le  poids  du  radar,  y  compris  le  radome  et  l'indicateur ,  eat  relativement  faible  :  envi¬ 
ron  60  kg. 

Utilisation  operationnelle 

Le  radar  SAIGA  permet  les  fonctions  operationnelle*  d'dvitemcnt  d' obstacle o  et  de  visualisation  du  sol 
(sur  option), 

L'Ovitement.  d'obstacles  peut  a'effeciuer  dans  deux  plans ,  et  comme  le  pilotage  eat  manual,  il  eat  pos¬ 
sible  de  choisir  la  manoeuvre  de  engagement  la  pluc  appropride ,  &  t  a  voir  : 

-  frar.chissement , 

-  contournement , 

-  £  reinage. 

A  cet  effet,  la  situation  est  clairement  prdsentde  au  piiote  srr  un  indicator  cathoaique  qui  affiche  toua 
les  obstacles  dangereux  ainsi  que  des  repbres  faciiitant  l1  exploitation. 

Detection  des  cables 

Le  radar  SAIGA,  grtce  X  I'utilisation  de  la  baade  Ka  qui  permet  d'bbtenir  un  {aisteau  d'antenne  trig 
dtroit,  ddtecte  les  obstacles  is  ole*  tels  que  lea  pyl&nes  ainsi  que  les  ctbles  des  lignes  X  haute  tension. 

Cette  possibilild  permet  le  vol  X  trfes  basse  altitude  par  tout  temps. 

Visualisation  du  sol 

Cette  fonction  peut  t!re  ajcutde ,  sur  option,  au  radar  SAIGA. 

Dans  cea  conditions ,  la  representation  utiligde  eat  du  type  B.  Cette  fonctich  permet  : 

-  la  navigation  et  la  recherche  d'un  site  ddgagd  pour  des  manoeuvres  telle*  que  : 

-  la  navigation  ou  le  largage  du.  matdriel  ou  de  personnel , 

•  la  r do upd ration  du  personnel  en  mer, 

L'exploration  de  l'espace  s’effectue  X  l'aide  de  deux  antenne*  coupldes  X  1'intdrieur  d'une  large  portion 
de  sphXre  situde  X  l'avant  de  1'hdlicoptbre  (figure  40-3). 

-  en  gisement 


bslayage  sur 
rdadlution 

temps  d'exemen  (use  ligne) 


+  80* 

T,3* 

40  ras  environ 


-  en  site 


ba  lay  age  sur 
resolution 
temps  d'exameo 


20*  X  40*  avec  tea  2  antenne «  coupldes 
1.3* 

i  second?  environ 


-  distance 


sone  utile 
rd  solution 


70  m  X  5000  m 
30  m 


L’enfoncement  maximal  de  1'hdlicoptXre  dans  le  relief  est  lid  X  la  finesse  ds  l'aaalyse  qui  s'obtient  par 
la  raise  en  oeuvre  d'un  pouvoir  sdparateur  dlevd  en  site ,  gisemsn  et  distance. 
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Compte  tena  dee  faibles  dimensions  de  l'enaemble  et  de  celles  d«s  antennes  en  particular,  il  a  fallu 
rechnrcher  un  faisceau  relativement  fin,  par  l'adoption  d'une  !on«wuf  d'onds  aus*i  courts  quo  pos¬ 
sible.  Le  cholx  de  ia  bande  Ka  permet  d'obtenir  une  ouverture  de  faisceau  de  1 ,3*  dam  les  deux  plane 
il  reste  compatible  avec  la*.  portdes  ndceasaire*  queJles  que  coient  les  conditions  mdtdorologiquea. 

Le  pouvoir  gdparateur  en  distance  est  de  30  m,  valeur  homogine  avec  les  definitions  angulaires  don- 
ndes  par  le  faisceau  3  l'intdrieur  du  domains  de  recherche. 

Cette  valeur,  qui  correspond  3  uno  impulsion  relativement  breve  (0,2  ps)  permet  en  outre  de  rdduire 
les  perturbations  dues  aux  reflexions  sur  un  rideau  de  pluie. 

La  navigation,  en  aveugle,  3  trbs  basse  altitude  n:est  possible  que  si  le  pilote  dispose  d'un  moyen  capa¬ 
ble  d'dvaluer  le  relief  qui  va  Sire  suwold,  afin  de  determiner  les  obstacles  dangereux  3  la  poursuite 
du  vol. 

Ce  moyen  cst  realise  pratiquemen.  grJce  3  la  "surface  de  garde"  lieu  des  obstacles  neceasitant  une 
manoeuvre  d'duitement  ie  l'hdlicoptire  (figure  40-4). 

Les  obstacles  situds  au-des?ous  de  la  courbe  de  garde  ne  sont  pas  dangereux  et  ceux  situds  au-dessus 
sont  dangereux.  Cette  surface  de  garde  est  situde  sous  l'hdlicoptbre  2  une  hauteur  appelde  "hauteur  de 
garde",  dont  la  valeur  peut  dtre  choisie  entre  30  et  300  m  au  grd  du  pilote. 

L'expdrience  de  1‘ELECTRON/QUE  MARCEL  DASSAULT  dans  le  domaine  des  radars  et  des  calcula- 
teurs  appliquds  3  la  detection  d' obstacles  a  permit  de  ddfinir  une  solution  simplifide  de  mdthode  de  cal- 
cul  pour  I'application  au  vol  basse  altitude  d'un  hulicopthr*. 

Le  principe  gdndral  conriste  3  compare.'  en  permanence  la  position  et  la  variation  de  position  des  echos 
requs  par  rapport  3  un  gabarit  ddfini  3  I 'a  van's. 

Le  gabarit  choisi  pour  SAIGA  consiste  en  deux  s  egments  de  droite  dont  li  position  du  point  A  d'articu- 
lation  ddpend  de  la  vitesse  du  porteur  (figure  4C  -4).  La  pente  du  deuxihme  segment  de  droite  a  dtd  dd- 
finie  une  foie  pour  toutes  aprbs  experiment ti on. 

La  position  du  gabarit  (courbe  de  garde)  par  rapport  au  porteur  depend  de  la  hauteur  affichde  et  de  la 
vitesse  de  d^scente ,  les  equations  des  points  caracteristiquee  de  la  courbe  sont  les  euivantes  : 

-  position  vertical*  h  =  ho  +  Tj  V*  settlement  pour  V*  <  0 

-  point  d'articulation  D  =  Do  +  ?2  Vx 

-pecte  du  deuxidme  segment  de  droite  =  236* 

avec  : 

ho  =  hauteur  affichde  par  le  pilote 
V*  s  vitesse  de  descente 

Tj  =  conatante  de  temps  qui  ddpend  des  caractdristiques  adrodynamiques  du  porteur 
Vx  =  vitesse  sol  horiaontale  ^ 

T2  »  consume  qui  ddpend  des  caractdrisaquea  adrodynamiques  du  porteur 

Deux  types  de  prdsentation  sont  rdalisds  : 

-  une  prdsentation  gisement-site  type  "tdldvision"  ou  "type  C"  parliculidrement  bien  adaplde  3  la 
Situation  puisqu'elle  restitue  sensiblement  l'image  du  paysage  situd  devant  l'hdlicoptdre; 

-  une  prdsentation  gisement-distance  de  "type  B"  donnant  une  image  trds  fine  du  relief  decoupd  par 
la  surface  de  garde.  La  distance  maximale  est  au  choix  de  2  ou  5  km. 

Dans  les  deux  cas,  et  afin  d'Stre  facilement  iuterprdtable,  l'image  est  stabilisde  en  gisement  et  les 
echos  dangereux  sont  prdsentd*  en  surbrillance  sur  fond  noir. 

A  ces  images  sont  incorpords  : 

-  une  ligne  de  rdfdrence  permettant  le  pilotage  dans  le  plan  vertical,  et  qui  figure  la  surface  de 
garde.  Les  obstacles  dangereux  sont  situds  au-dessus  do  cette  ligne  de  rdfdrence  et  les  obstacles 
non  dangereux  sont  situds  au-dessous , 

-  un  marqueur  correspondent  3  la  direction  du  vecteur  vitesse  de  1'hdlicoptdre ,  le  pilotage  coasis- 
tant  eesertiellement  3  maintenir  ce  lepdre  dans  une  sons  ddgagde.  Ce  vecteur  vitesse  cst  symbo¬ 
list  par  un  cercle  en  type  C  et  par  une  ligne  pointillde  en  type  B, 

-  un  marqueur  figurant  la  route  3  suivre  ou  le  cap  obtenu  3  partir  de  l:*ffich«ge  des  dorniees  du 
systdme  de  navigation  de  bord. 
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Sur  la  presentation  "type  B"  ,  en  plus  des  marqueur*  vecteur  vitesee  et  route  4  suivre ,  il  y  a  : 

-  des  marqueurs  de  distance,  espacea  de  S00  m  *ur  l'echeile  2  Km  et  ds  1000  m  sur  VlcheLc  5  hm, 

-  le  marqueur  "distance  d'arrSt"  symbolise  par  une  ligne  pointillee.  Cette  distance  d’arret  varie 
cr,  fonction  de  la  valeur  de  la  vitesse  Horirontale  de  l’h^licoptbrc. 

La  presentation  des  obstacles  et  des  marqueurs  associe3  permet  au  pilote  : 

-  d'avoir  une  vue  d'eneemble  du  relief  au  voisinage  de  la  route  suivie, 

-  de  pouvoir  se  derouter,  afin  d'dviter  le  survol  d'un  obstacle  important  se  trouvant  devant  lui , 

-  de  pouvoir  freiner  4  temps  si  le  deroutement  n'est  pas  porsible. 

Pilotage  en  saut  d*  obstacle 

Le  problime  consiste  &  dormer  J  I'hdlicoptbre  une  pente  de  montde  correcte.  La  figure  40-5  montre  le 
processus. 

La  surface  de  d£coupe  tide  i  Vhelicoptire  doit  etre  normalement  en  contact  avec  le  sol.  Lorsqu'il  «e 
presente  un  obstacle,  le  pilote  doit  donner  1  son  h{licoptire  une  pente  de  mortde  a  de  faqon  1  passer 
3  la  certicale  de  l'obstacle  4  une  hauteur  h0  .  L'angle  de  pente  a  est  pr^cisement  l'ecart  de  position 
par  rapport  5  la  ligne  de  reference  horirontale  indique  par  le  marqueur  cercle. 


La  seuie  operation  4  effectuer  par  ie  pilote  consiste  simpiement  1  maictenir  ie  centre  du  cercle  dc  vec- 
teur  vitesse  sur  le  sommet  de  l'obstacle. 


Les  trois  figures  40-5a,  b,  c  ,  indiquent  : 

a)  le  vol  cst  trop  haut  parce  que  la  ligne  de  r££6rence  symbolisant  la  surface  de  d£coupe  est  au- 
dc-tsus  du  sol  ;  le  pilote  doit  maintenir  son  vecteur  vitesse  (cercle)  en  contact  avec  le  sol, 

b)  le  vol  est  trop  bas,  le  sol  est  au-dessus  de  la  ligne  dc  rdfreace  ;  le  pilote  doit  faire  cabrer 
son  hili-optire , 

c)  le  vol  est  correct  :  -  sol,  rlflrence  et  cercle  sont  confondus. 

Le  radar  SAIGa  est  lquip£  d'un  systime  de  tests  tntdgrds  qui  vdrifie,  en  permanence  le  bon  fonction- 
nemont  de  l'<quipemant. 

Cette  verification  s'effectue  grice  au  test  simultanl  de  I'ensemble  Emission- Reception  et  des  circuits 
de  calcul. 


L'ensomble  Emission- Reception  est  reconnu  en  bon  <tat  lorsque  la  mesure  du  niveau  viddo  en  fin  de 
chafhe  excMe  un  seuil  ?r£d£termin<.  Dans  le  cas  contraire ,  le  pilots  est  averti  de  la  dlfaillance  du 
materiel  par  I'allumage  du  voyant  "Alarme". 

La  validity  des  circuits  de  calcul  est  signal je  par  la  presence  d'une  cone  lumineuse  1  la  partie  gauche 
de  l'indicateur.  Ce  test  est  rlalisl  grtce  h  un  glnjrateur  d'dchos  fictifs  incorpcrl  1  la  chafhe  de  re¬ 
ception  et  constitul  par  un  oscillateur  d{cieneh{  plriodiquerr.ant. 

On  notera  de  p'ua ,  que  i'allumage  du  voyant  "Alarme"  peut  Igalement  etre  provoqu<  si  la  hauteur  de 
vol  donnle  par  l'aitt  mitre  est  infdrieurc  Si  la  hauteur  de  vol  afficWe. 


Stability  des  images 


Afin  d'lviter  un  glissement  de  l'imags  pr£*entlo  sur  l'icran  de  l'indicateur,  celle-ci  est  gelln  par  rap¬ 
port  4  des  references  fixes  situles  dans  les  plaps  site  et  gisement. 


Dans  le  plan  gisement,  l'image  est  gel<e  par  rapport  au  marqueur  de  route  (ou  de  cap).  Pour  des  va¬ 
riations  de  l'lcart  de  route  de  +  60*  ,  l'image  est  recent  rie  automatiquement  sur  l'fcna  et  le  rnr.r- 
qusur  de  route  est  dicall  de  la~mlme  quanf'tl. 


Pour  des  icart*  de  route  dlpaosant  1’ouverture  en  gisement  du  radar,  l'image  rests  gelle  et  le  mar¬ 
queur  de  route  est  visible  en  butee  1  droite  ou  4  gauche  de  I'lcran. 


Dana  le  plan  site.  Vintage  est  gelle  par  rapport  4  I'horisontale.  Le  recentrage  de  Vintage  esteffectul 
par  quaniitls  fixes  de  10*  pendant  les  variations  de  l'angle  de  pente.  Lorsque  l'angle  de  pente  est  iu- 
plrieur  4  +  20’  ,  une  flic  he  verticale  s'lclaire. 
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DESCRIPTION  (Planche  40-6) 

Le  radar  groups  les  Element s  Huivants  : 

-  l'antenne  ct  let  m^canismes  associ^s, 

-  I'£metteur-r6cepteur , 

-  !"8  circuits  do  traitement  de  ^information. 
L’indicateur  comporte  : 

-  le  tube  cathodique  et  les  circuits  associds, 

-  les  commandes  d'exploitation. 

Antenr.e  ec  mecanismes 


L'ensemble  mobile  eat  constitu4  par  une  sphfcre  comportant  un  arneau  support  d'antenne  et  deux  demi- 
radomes  permettant  d'eviter  l'cffet  de  ventilation. 

L'antenne  est  constitute  par  deux  paraboles  plactes  dos  4  dos  (figure  40-7)  aiumtes  dans  le  plan  hori¬ 
zontal  d'un  mouvement  de  rotation  continue ,  4  la  vitesse  de  660  tr/mn.  Au  cours  de  la  rotation .  uti  com- 
mutateur  4  ferrite  aiguille  succeosivement  l'energie  hype rf requeue e  sur  chaque  parabole  ,  aftn  de  rea¬ 
lise  r  le  balayage  en  gisement  du  domaine  d’exploration. 

L'ensemble  est  stabilise  en  roulis  et  en  site ,  1  partir  des  informations  de  la  centrale  de  verticals. 

Le  mouvement  en  rite  effectut  en  une  seconds  environ,  s'obtient  grSce  4  une  oscillation  des  deux  an- 
tences  de  4  10*  autour  de  l'axe  de  stabilisation. 

La  liaison  hyp-jrfrbquencc  ,  1  travers  les  axes  d'articolation  eat  asaurte  psr  trois  joints  toirnants. 
Emetteur-rtceptcur 

L'tnergie  hyperfrtquence  est  dtlivrte  par  un  magnetron  dont  la  puissance  Crete  est  de  I'ordre  de  7  kW 
dans  la  bande  Ra.  La  modulation  est  rtaliste  grfcoe  1  >m  ensemble  thyratron  ligr.e  4  retard  4  charge 
resennante. 

L'tnergio  xe^ue  est  amplifite  par  un  rtcepteur  du  type  supernetdrodyne  4  contrSle  automatique  de  fre¬ 
quence  ,  dont  la  loi  de  reception  permet  d'dviter  tou.e  saturation. 

A  cet  effet,  l’amplificateur  moyenr.e  frequence  prdsente  not  cars cteri stique  lindaire-logarithmique, 
particulibrement  adcptde  aux  variations  important**  du  niveau.  Le  gain  est  variable  dans  le  temps  afin 
de  s'affranchir  des  perturbations  que  pour raient  apporter  les  dchos  proches  re;ur  par  les  lobes  secom- 
daires  de  l'antenne. 

Le  signal  video  recucilli  en  sortie  est  dirig'?  vers  ies  circuits  de  traitement  de  I’Information. 

Les  circuits  de  traitement  de  l'information  ont  principalement  pour  r31c  Elaboration  de  la  surface  de 
garde,  en  vue  de  la  discrimination  des  obstacles  dangereux. 

Le  calcul  de  la  surface  de  garde  s'obtient  &  partir  des  informations  suivantes  : 

-  ccmposantes  de  la  vitesse/sol  (donndes  par  le  radar  doppler  ou  tout  autre  appareil), 

-  hauteur  de  garde  {afflchde  par  le  piloie), 

-  position  de  l'antenne. 

En  plus  de  cett*  fonctiou,  les  circuits  de  traitement  de  l'information  ont  egalement  pour  but  : 

-  le  calcul  de  la  distance  d'arret  4  partir  da  l'information  vitesse , 

-  la  g£n£ration  des  diffdrents  marqueurs,  y  comprit  l'horinon  artificiel,  4  partir  des  donndes  de 
la  centrale  ou  dr  tout  autre  appareil  :  horizon  recopi£,  par  exemple. 

Indicatsur 

L'indicateur  realise  sous  fetme  d'un  coffrct  paralidl&pipddique  dc  fa'bles  dimensions,  englobe  le  tube 
cathodique  et  les  circuits  qui  lai  sont  propree  :  amplificateurs ,  alimentations. 

Le  tube  cathodique  est  du  type  4  entreti en  d’image  ,  4  deux  canons  d'inscription  ce  qui  permet  le  r£ali- 
ccr  simplement  i'affichage  des  d;ff6rentes  informations. 
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l.«  prerrui-re  vr>ie  est  rose rvfie  A  la  presentation  de  l’horlzon  artlticlel  et  la  seconde  a  ia  visualisation 
<ies  sugnaux  radar  et  tics  mai'^ueurs, 

Sur  !a  face  antt'neuro,  font  disposes  les  diverges  commandes  d’exploitation ,  ainsi  que  les  voyants 
d'etat  d>t  radar. 

Leg  principales  commandes  d‘e::ploitation  sont  ies  suivantea  (figure  40-2)  : 

-  mise  en  oeuvre  , 

-  choix  de  la  hauteur  dc  garde, 

-  presentation  de  l'image, 

-  garnmes  dc  recherche, 

-  testa  "voyante", 

-  choix  de  la  polarisation  de  l'ondc  emise, 

-  commando  de  virape, 

-  dfblocage  dc  l'antenne. 

Maintenance 


La  maintenance  du  radar  SAIGA  s'effectue  soit  sur  i’hdlicopi&re  aoit  sur  le  banc  de  maintenance. 
RESULT ATS  DE  L'EXPERIMENTATION  EN  VOL 


Portee 


Le  aiagramme  (figure  40-8)  represente  en  abscisfie  la  distance  sur  Icbelle  lo^arithmique  et  en  ordon- 
ndes  la  pwisanej  re$ue  en  dB/W.  Le  seuil  de  visualisation  est  situd  5  -  1 05  dB/W  (+  16  dE/KTBF). 

On  peut  voir  que  les  arbres  sont  ddtectes  X  une  distance  de  l'ordre  de  2  1  3  km  (mesures  effectives  en 

M). 

Les  chagra tomes  (figures  40-9  et  40-10)  donnent  les  portees  obtenues  sur  pylSnes  de  lignes  MT  et  c&bles 
HT.  Dans  les  deux  c<-s ,  on  peut  voir  que  ces  obstacles  sont  aisdment  ddtectes  a  partir  de  1500  mitres. 

Detection  des  lignes  HT 

Le  radar  SAIGA  per  met  de  ditecter  les  cables  HT  en  trois  points  : 

-  un  point  selon  la  normale  au  cable  , 

-  un  point  de  chaque  cotd ,  2  un  angle  d'environ  20°  qui  <26 pend  du  type  de  Cable. 

S-ur  la  figure  40-11  dans  le  cas  de  la  position  (a)  le  direction  de  I'helicoptirc  est  perpendiculaire  X  la 
ligne  haute  tension,  nous  avons  un  point  de  detection  cxactement  dans  Paxe  et  nr,  point  de  chaque  c3t* 
avec  un  angle  de  20*.  Dans  le  cas  de  la  position  (b)  il  y  a  toujour s  une  detection  telon  la  normale  aux 
ctblec,  et  igalcment  un  point  de  chaque  c3te  de  ce  point  central.  C'est  particuliirement  intefessant 
car  cela  permei  X  l'hdlicoptire  de  sauter  par-dessus  les  lignes  haute  tension.  La  figure  40-!lc  donne 
{'explication  du  phlnomfene. 

Lorequ'une  onde  radiollectrique  de  longueur  d'oodc  X  vient  {rapper  un  obstacle ,  il  y  a  une  reflexion  en 
sens  inverse  selon  ia  normale,  ce  qui  est  tout  £  fait  classique  et  lorsque  l'on  s'6carte  de  r.ette  position, 
il  y  a  une  perte  due  au  pouvnir  rdflecteur  de  l’obstacle.  Mais  dans  le  cas  ou  nous  avons  affaire  X  des 
obstacles  X  structure  p6riodique. comme  un  cible  torsadl  (X  noire  connaissance ,  il  n'y  a  parmi  les  K- 
gaes  haute  tension  que  des  c£bles  torsades)  on  constate  lorsque  l'cn  s'6carte  d'un  certain  angle  parti  - 
culier  0,  represent*?  sur  ia  figure,  une  concordance  des  phases  de  reflexion  de  t'ondo  6 mise  de  chaque 
Element  tcrsadl.  Pour  cet  angle  particulier,  il  y  a  un  maximum  d'lnergie  r6fl6chie ,  ce  maximum  est 
obtenu  quand  : 


d  iin  8 


n 


X 

2 


avec  : 

X  a  longueur  d'onde  :  8 ,6  mm 
n  =  nombre  entier  positif 

6  -  angle  d'incidence  du  faisceau  radic6iectrique 

d  =  pas  entre  spires 
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La  photo  40-12  nous  montre  l'h^licopthre  ALOUETTE  1U  avec  le  radar  6nmp6  H»  «on  redcme  e!  la  ca¬ 
mera  d'&xe  qui  nous  permettait  de  prendre  la  photo  du  panorama  en  mime  temps  que  te  radar. 

Lrs  photos  40-13,  14,  IS,  16,  montrent  les  detections)  obtenues  sur  colline,  pylSne  isold  et  ligne  HT. 
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m 
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Un  grand  nombre  de  diapositives  en  couleurs  seront  presentees  au  cours  de  la  conference  et  permot- 
tront  de  mieux  se  rendre  compte  de  I’ineiret  des  r4sultats  obtenus. 


Mai s  d6j*  on  peut  avoir  une  idee  des  possibilites  de  detection  du  radar  SAIGA  sur  les  quelques  photos 
presentees  lei. 


Photo  40-13 


Photo  40-14 


Photo  40-15 


l'heiicoptbre  6volue  en  cabr6  le  leng  de  la  pente  cPune  colline  (vecteur  vitesse  au- 
dessus  de  la  ligne  de  reference).  La  colonne  lumineuse  S  gauche  represente  le 
test  integre. 

l'heiicoptbro  saute  par-dessus  le  pylone  isote  ;  pour  ce  faire,  il  maintient  en 
permanence  le  cercle  {vecteur  vitesse),  sur  le  sommet  de  l'obstacle. 

detection  d'une  ligne  HT  de  90  ItV  en  type  C. 


Photo  40-16 


la  mime  ligne  HT  en  presentation  type  B.  Les  marqueurs  distance  sont  e spaces 
de  500  metres.  La  ligne  eat  visible  entre  600  et  1500  mfetres. 


Conclusion 


Le  radar  SAIGA  a  ddmontrl  qu'il  etait  particuliirement  bien  adapte  aux  conditions  de  vol  d'un  heiicop- 
tfcre,  appareil  qui  peut  s'enf oncer  beaucoup  plus  profondement  dens  le  relief  qu'ur.  avion  et  qui  doit  fvi- 
ter  les  obstacles  aussi  bien  dans  le  plan  vertical  que  dans  le  plan  horizontal.  Les  resultats  obtenus  au 
cours  d'essais  en  vol  sur  tous  les  terrains  avec  des  obstacles  natureis  ou  artificiels  tel*  que  pylonea  et 
cCble*  haute  tension,  v6rifient  la  validity  des  solutions  originates  choisies  pour  ce  matdriel. 
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A  COST  EFFECTIVENESS  STUDY 
THE  AIRBORNE  EARLY  WARNING  AIRCRAFT 
AS  .•  ,  INTEGRATED  PART  OF  AIR  DEFENCE  SYSTEMS 

T.M.  Kerr,  BSc.,  AFRAeS 
MINISTRY  OF  DEFENCE  U.K. 

SUNKARY 


Advance1:  in  radar  technology  new  make  it  possible  to  detect  low  flying  targets  against  the 
ground  clutter-  Using  this  type  of  radar  { Pulse  Doppler)  installed  in  Airborne  Early  Warning  (AEW) 
aircraft  as  part  cf  a  mix  with  fignteis  and  Surface-to-Air  Missile  (SAM)  systems,  it  is  possible  to 
obt3in  an  all-altitude  defence  in  depth  and,  in  particular,  considerably  improve  the  effectiveness  of 
ti.e  defences  against  attack  by  low  flying  aircraft.  The  effectiveness  of  a  constant  cost  mix  of 
fighters  with  AEK  as  compared  with  that  cf  fighters  alone  and  the  improvement  in  effectiveness  is  shown. 
In  addition,  the  variation  of  overall  effectiveness  of  the  defences  of  a  task  force  with  AEW  radar 
range  is  examined. 

Us.ng  a  mathematical  model  to  simulate  the  operation  of  AEK  aircraft  and  radar  systems,  the 
mcab^r  of  aircraft  required  to  man  one  rtaticn  is  presented  as  a  function  of  the  aircraft  and  radar 
size,  power  etc.  and  the  p-obabi'ity  of  being  on  patrol. 

1.  INTRODUCTION 

The  amount  of  early  warning  of  an  enemy  attack  that  can  be  obtained  from  surface-based  radar  is 
severely  limited  oy  the  earth's  curvature  and  to  a  certain  extent  by  local  terrain  and  vegetation 
screening.  Whenever  possible  these  limitations  have  been  partly  overcome  by  locating  the  sensor  on  high 
ground;  for  example,  on  the  edge  of  a  cliff  when  looking  over  the  sea,  or  on  a  hill-top.  This  has  con¬ 
siderably  increased  the  radar  horizon,  but  it  is  still  severely  limited  unless  the  radar.*  ran  be  sited 
well  forward  of  the  area  to  be  defended,  A  greatly  increased  radar  horizon  can  be  obtained  by  locating 
the  radar  in  an  aircraft  flying  well  above  the  earth's  surface.  Developments  in  radar  now  make  it 
possible  to  defect  low  altitude  attackfs  against  the  ground  clutter  by  virtue  of  their  differing  radial 
velocities.  If  a  radar  of  this  type  is  installed  in  an  aircraft,  it  can  be  integrated  uith  the  overall 
defence  systems  and  provide  the  valuable  early  warning  necessary  for  alerting  all  the  systems  in  the 
defence  environment.  The  concept  of  the  airborne  early  warning  system  and  the  coverage  that  might  be 
obtained  from  the  radar  are  s?;own  in  Figure  1-42;  any  attacker,  flying  at  low  altitude,  can  be  detected, 
the  defences  alerted  and  the  fighters  scrambled  and  directed  against  the  raid.  Without  such  a  system, 
the  attackers  can  sinderfly  the  coverage  of  the  ground  radars,  achieve  surprise  against  the  defence 
systeos  and  sore  readily  saturate  them.  The  airborne  early  warning  system,  therefore-  appears  to  ->ffer 
a  solution  to  the  problem  of  defending  against  the  low  altitude  attacker  and  in  this  paper  as  attempt  is 
made  to  take  some  very  sisple  situations  and  demonstrate  the  advantages  on  a  cost  effectiveness  basis  of 
including  the  airborne  early  warning  system  in  a  defence  mix. 

2.  THE  ASSUMPTIONS 

2.1.  Basic  Concept 

When  examining  alternative  policy  options  for  resource  allocation  in  the  future,  the  work  is  most 
easily  presented  and  understood  if  force  mixes  of  constant  cost  and  varying  effectiveness  or  constant 
effectiveness  and  varying  cost  are  compared.  In  this  paper  the  former  presentation  is  used.  In  order  to 
establish  the  costs  of  the  alternative  aircraft  mixes  to  be  purchased,  it  is  necessary  to  consider  the 
research  and  development  costs  and  the  total  purchase  and  operating  costs  for  the  life  of  the  aircraft. 

The  life  for  aircraft  is  normally  assumed  to  be  10  years.  Research  and  development  costs  are  not  used 
in  this  paper.  A  separate  treatment  of  RSD  costs  is  essential  because  of  the  large  variations  caused  by 
different  assumptions  on  the  method  of  costing,  and  whether  it  is  a  fixed  initial  cost,  a  coir  shared 
with  other  nations,  or  amortised  over  the  total  buy.  In  this  paper  it  will  be  assumed  that  it  is  an 
initial  fixed  cost  not  included  in  the  comparison-  .  This  means  that  the  comparisons  will  assume  that  we 
are  dealing  with  alternative  ways  of  increasing  the  force  effectiveness  in  the  airfield  and  task  force 
scenarios  at  3  constant  incremental  cost. 

2.2.  The  Fighter 

The  fighter  is  assumed  to  be  capable  of  flying  at  a  Mach  number  of  2  at  heights  up  to  60,000  ft 
and  to  have  a  maximum  endurance  of  two  hours.  It  is  assumed  to  carry  four  medium  range  air  to-air 
missiles  which  can  be  fixed  at  targets  flying  at  heights  above  or  below  the  fighter.  The  airborne 
intercept  (AI)  radar  is  assumed  to  be  of  the  pulse  soppier  type  which  can  discriminate  targets  against 
the  clutter  from  ground  returns.  The  AI  is  assumed  to  have  a  look  on  range  of  40  n*  against  5  sq.  metre 
targets.  The  combined  weapon  systex.  is  assumed  to  have  0.5  expected  kills  per  pair  of  missiles  when 
fired  after  being  positioned  against  the  raid  by  broadcast  type  of  ground  controlled  interception,  and 
0.25  expected  kills  per  pair  of  missiles  fired  when  operating  autonomously.  Such  a  fighter  is,  assumed  to 
cost  £3.1«4  including  the  initial  purchase  price  and  13-year  running  costs. 

2.3.  The  Airborne  Early  Warning  Aircraft  and  System 

In  a  typical  deployment  (Figure  1.42)  the  airborne  early  warning  aircraft  would  fly  above  the 
target  to  be  defended.  The  coverage  of  the  ground  radar  is  shown  and  it  can  easily  be  seer,  that  because 
of  the  ground  radar  horizon  limitations,  an  attacking  aircraft  flying  at  low  altitude  can  underfly  this 
coverage  and  remain  undetected  until  it  is  very  close  to  the  target.  With  tne  airborne  system  a  low 


flying  attaclcr  would  be  detected  at  a  ouch  longer  range.  Typical  layouts  of  such  an  circrafi  system  are 
shewn  ir.  figure  2.T2.  Type  A  r.as  serials  in  the  nose  snd  fail  of  the  aircraft,  and  Type  P  has  a  Mushroom- 
type  aerial  above  the  fuselage.  Each  type  is  assumed  to  bo  capable  of  detecting  5  sq.  metre  targets 
(typically  large  fighter  ground  attack  aircraft)  at  a  range  of  ISO  to  250  no,  depending  upon  the  details 
of  the  aerial  site  and  the  power  transmitted.  The  main  advantage  of  the  fore  and  aft  layout  over  the 
mushtoom  arrangement  is  derived  from  the  increased  aerial  depth  for  a  given  aircraft  site  and,  therefore, 
the  improved  height-finding  capability  that  can  be  obtained. 

for  this  paper  it  has  been  assumed  that  the  all-up-weight  of  the  aircraft  is  about  60,000  lb,  an 
endurance  of  five  hours  on  station  at  20,000  to  50,000  ft,  and  a  detection  range  of  S60  na  against  S  sq. 
metre  targets.  The  purchase  priee  and  10-year  running  costs  are  assumed  to  be  16. W  per  aircraft  and  five 
aircraft  are  required  to  ensure  that  one  will  be  on  station  for  more  than  90k  o.  the  time.  (The  investi¬ 
gation  of  the  numoors  required  to  man  a  3ingle  station  will  be  given  in  detail  later  in  the  paper.) 

2,4.  Surface-tu-Air  Missile  Systems 

Surfacc-to-air  missile  systems  are  usually  dsployed  near  the  defended  area.  For  the  de'ence  of  a 
task  force  at  sea  (discussed  later)  it  is  assumed  that  two  types  of  surface-to-air  missiles  are  aval 'able: 

(a)  A  short  range  system  with  a  maximum  range  cf  5  km  for  p  /ini  defence. 

fb)  Two  long  range  systems  of  30-km  range  at  low  altitude  and  70  km  at  high  altitude. 

The  longer  raige  systems  provide  area  defence  for  the  task  force.  The  costs  are  assumed  to  be  sunk  costs 
and  the  variai  ions  of  defence  effectiveness  as  a  function  of  AEK  range  are  investigated. 

3.  THE  DEFENCE  C?  AH  AIRFIELD 

3.1.  Introduction 

The  fighters  cn  the  airfield  are  assumed  to  be  deployed  to  protect  attack  aircraft  based  on  the 
same  airfield  and  to  maintain  facilities,  etc.  They  can  also  provide  area  defence  for  other  facilities  or 
armies  within  their  area  of  operation.  The  mode  of  operation  depends  upon  the  availability  of  warning  and 
direction  of  attack.  Kith  warning,  the  fighters  can  be  scrambled  from  ground  alert:  withbui  it,  they  must 
be  operated  partly  or  completely  on  continuous  airborne  patrol  (CAP),  These  points  are  discussed  in  more 
detail  below. 

It  has  been  assumed  that  the  total  purchase  and  10-year  running  costs  of  the  fighters  and 
fightor/AEK  nix  will  be  the  same.  Taking  the  estimates  of  cost  given  earlier  of  C3.1M  per  fighter  and 
16. 1M  per  AEK  aircraft,  the  constant  cost  mix  at  193M  would  give: 

20  fighters  plus  S  AEK 
or 

30  fighters. 

3.2.  Operations  Kith  AEK 

It  is  assumed  that  the  fighters  are  held  at  ground  readiness  and  when  alerted,  scramble  at  30-sec 
intervals  after  a  3-mimite  delay.  Against  a  raid  of  low  altitude  attackers  penetrating  at  500  knots,  it 
is  assumed  that  they  cruise  out  at  20,000  ft  at  high  subsonic  speeds,  descending  to  5000  to  10,000  ft  to 
make  c  first  attack  head-on  against  the  raid.  After  this  attack,  the  fighters  turn  into  a  tall  chase  and 
accelerate  to  supersonic  speeds,  attacking  again  with  a  pair  of  missiles.  The  following  table  shows  the 
expected  number  of  kills,  assuming  that  the  last  intercept  must  take  place  at  least  13  na  from  the  airfield. 


KILLS  TO  BE  EXPECTED 

FROM  FIGHTERS  SCRAMBLED  BY  AEK  FROM  GROUND  ALERT 

Number  of  fighters 

Air  Intercepts 

Expected 

Aval lac le 

per  Aircraft 

Total  Intercepts 

Fills 

20 

1,5 

30 

15  to  30 

3.3.  Operations  Without  AEK 

Two  modes  of  operation  without  AEK  will  be  considered.  The  first  assumes  that  the  direction  of 
attack  is  unknown  and  a  continuous  airborne  alert  is  therefore  required  covering  attack  from  any 
direction  and  using  all  possible  fighters.  The  second  mode  assumes  that  the  situation  allows  patrols 
to  be  operated  over  a  limited  sector  and  the  airborne  fighter  on  patrol  can  alert  other  fighters  at 
readiness  on  the  grout'd. 

All  Pightei'n  cn  CAP.  Experience  has  shown  that  some  five  fighters  are  required  to  maintain  one  on 
CAP.  Thirty  fighters  would  therefore  provide  six  airborne  at  any  time.  It  is  also  assumed  that  these 
fighters  fly  a  circular  track  some  40  miles  radius  from  base  (Figure  3,42).  The  separations  between  the 
fighters  and  their  ;.I  search  patterns  will  give  a  minimum  detection  range  of  some  50  nm  from  base.  The 
number  of  intercepts  possible  in  the  autonomous  mode  will  probably  be  0.5  to  1.0,  and  using  the  missile 
load  in  a  single  attack  the  kills  possible  would  also  be  0,5  to  1.0. 

Mixed  CAP  and  Ground  Alert.  Although  the  risks  are  higher,  if  it  is  thought  that  there  is  a 
preferred  attack  direction  (for  reasons  of  terrain,  limited  range,  etc.)  it  is  possible  to  use  some  of 
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the  fighters  as  AEK  aircraft  and  scramble  from  ground  readiness  those  fighters  not  involve)  in  the  CAP 
operation.  One  possible  type  of  patrol  pattern  is  shown  in  figure  4.42  providing  warning  over  a  180° 
sector.  In  this  operation  it  has  been  assumed  that  three  aircraft  would  be  maintained  on  CAP,  utilizing 
15  of  the  total  available.  In  the  EOSt  fsveursble  assumptions,  the  remaining  15  could  be  ac-rejnbied 
against  the  incoming  raid,  In  this  autonomous  mode  of  operation  one  of  the  three  on  CAP  and  the  15 
scrambled  tight  achieve  0.5  to  1.0  intercepts  and  each  intercept  has  0.25  chance  of  a  kill;  resulting 
in  2  to  4  kills. 

3.4.  Overall  Comparison  of  Force  Effectiveness 

At  a  constant  cost  of  ££3M  the  effectiveness  of  the  fighter  defences  for  an  all-fighter  or 
fightcr/AF.W  mix  is  shown  in  Figure  5.42.  This  indicates  an  improvement  in  effectiveness  of  some  15  to 
30  times  when  the  force  includes  AEH. 

4.  PROTECTION  OF  A  TASK  FORCE  AT  SEA 

4.1.  Concept  of  Operation 

Tlie  previous  section  considered  the  additional  effectiveness  achieved  by  fighters  wher.  on  AEH 
aircraft  it'  included  in  the  force  six.  This  section  examines  the  variation  in  effectiveness  of  the  AEK 
with  range  vher  included  in  a  fighter  and  missile  environment. 

Let  us  imagine  the  defence  of  a  task  force  at  sea  in  a  limited  war  environment  in  which  conven¬ 
tional  HE  weapons  are  used.  The  systems  that  might  be  used  in  the  attack  are  illustrated  in  Figure  6.42. 
They  consist  o',  direct  attack  at  low,  medium  and  high  altitudes,  and  stand-off  attack  by  short  and  long 
range  weapons.  These  have  to  be  countered  by  the  defence  systems  (Figure  7.42)  consisting  of  fighters 
supported  by  AEH  and  surface-to-air  (SAM)  systems.  For  the  purpose  of  the  study,  only  low  altitude  direct 
and  stand-off  attacks  will  be  considered,  since  the  Medium  and  high  altitude  attacks  can  be  countered  by 
the  defence  systems  supported  by  the  radars  in  the  ships.  The  success  of  the  defence  systems,  3nd  in 
particular  the  AEH,  will  be  measured  by  the  probability  of  damage  to  the  most  important  target  within 
the  task  fores. 

4.2.  The  Defence  Effectiveness 

Defence  effectiveness  is  calculated  in  two  stages;  first  the  fighters  and  then  the  SAM  systems 
which  cover  an  area  of  radius  20  nn  from  the  main  elements  of  the  task  force. 

Let  ii,  assume  that  seven  fighters  are  available.  Of  these,  two  are  on  continuous  airborne  patrol 
and  the  reeafning  five  are  scrambled  at  3,3j,4,4},5  min.  The  climb  and  speed  profile  of  the  fighter, 
the  detection  and  tracking  of  the  AI  radar,  the  missile  launch,  flight  path  and  probability  of  kill  are 
modelled.  The  model  can  then  be  used  to  estimate  the  expected  kills  per  sortie.  Assuming  that  the  low 
altitude  attackers  arc  flying  at  600  knots  and  that  the  AEH  radar  can  detect  them  at  200  na,  then  the 
two  fighters  on  CAP  can  make  the  first  intercept  in  head-on  attack  at  110  na  (Figure  8-42)  and  the 
scrambled  fighters  at  90  to  80  rar.  By  this  time  the  CAP  fighters  have  turned  and  overtaken  the  raid, 
taking  the  second  intercept  r. t  70  nm,  followed  by  the  other  aircraft  at  50  to  40  na.  In  this  way  the 
expected  intercepts  and  kills  can  be  calculated.  This  is  a  very  simple  description  of  a  detailed  and 
complex  tactical  model  being  used  to  assess  the  capability  of  detection,  conversion  to  attack  and  kill. 

The  calculations  can  be  repeated  assuming  that  the  AEH  radar  detection  range  is  150  and  100  nm 
and  the  fighters*  capability  re-assessed.  It  has  been  assumed  that  the  fighters  do  not  enter  the  20-n* 
defended  zone.  The  attackers  can,  of  course,  be  re-engaged  when  they  leave  the  SAM-defended  zone. 

A  mathematical  model  of  the  SAM  defences  (Figure  9-42)  is  used  to  assess  the  kill  capability  of 
the  SAM  systems  deployed,  taking  into  account  their  position,  range,  single  shot  kill  probability,  etc. 
Unless  there  is  an  obviously  preferred  attack  direction,  the  SAM  effectiveness  is  generally  assessed 
over  all  possible  directions  of  attack.  The  surviving  raiders  are  assumed  to  deliver  their  weapons  and 
the  effectiveness  of  the  attack  in  terms  of  damage  is  calculated.  Tnis  will  depend,  of  course,  on  the 
weapon  type  and  load,  deliver  accuracy  and  target  vulnerability. 

In  orde.  to  illustrate  the  effectiveness  of  the  defences  fer  different  AEH  ranges,  a  number  of 
different  strengths  of  the  attacking  force  have  been  considered,  the  largest  force  being  a  little  over 
20  aircraft.  Because  of  mutual  safety  considerations,  this  is  about  the  largest  force  that  can  be  co¬ 
ordinated  within  a  single  raid.  Larger  numbers  of  attackers  say  be  assumed  to  be  organized  in  two  raids 
separated  in  time  by  more  than  the  reload  time  of  the  SAM  systems. 

For  a  iow  altitude  attack  of  a  given  strength,  it  is  possible  r.o  show  how  the  damage  in  the  task 
force  varies  with  the  range  of  detection  of  the  attackers  (Figure  10-42).  If  the  numbers  of  aircraft  in 
the  low  altitude  raid  is  less  than  five,  the  SAM  systems  alone  can  p.-ovide  adequate-  protection  and 
little  damage  is  achieved.  If  the  number  of  attackers  is  increased  to  10,  the  SAM  systems  plus  two 
fighters  on  CAP  cannot  prevent  considerable  damage.  If,  however,  an  AEH  system  of  100-nm  range  is  in¬ 
cluded,  fighters  can  be  scrambled  and  the  damage  caused  by  10  raiders  reduced  to  a  minimum.  Fifteen 
raiders  can  be  countered  in  s  similar  way  by  including  a  150-nm  range  AEH,  and  with  a  200-nm  range  AEH 
a  further  small  improvement  can  be  obtained.  Twenty  aircraft  in  a  single  raid  saturate  the  defences  and 
a  further  increase  in  AEH  range  is  of  no  value  unless  the  fighter  defences  are  strengthened.  The 
effectiveness  of  the  low  altitude  attack,  therefor:,  varies  with  AEH  radar  detection  Tange  and  the 
manner  of  this  variation  is  illustrated  in  Figure  li-42.  As  the  fighters'  AI  radar  and  CAP  station  can 
provide  about  SO-na  warning,  there  is  no  advantage  in  deploying  an  AEH  of  this  range.  Khcn  the  range 
exceeds  50  na,  the  effectiveness  of  the  defences  increases  rapidly  to  about  150  nm  and  then  the  rate  of 
increase  falls  until  at  about  2C0  nm  there  is  no  further  increase  xn  effectiveness  with  range.  The  curve 
is  of  the  classic  S  shape  and  indicates  a  choice  of  radar  range  of  150  to  200  nm. 
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rhc  middle  diagram  indicates  the  change  in  effectiveness  as  a  function  of  range  when  stand-off 
weapons  are  considered.  When  this  and  the  direct  attack  effectiveness  are  combined,  the  overall  attack 
effectiveness  is  as  shown  sn  the  lower  diagram.  The  same  pronounced  S  shape  of  the  curve  is  maintained, 
but  at  ranges  greater  than  200  na  the  effectiveness  of  the  AF.W  continues  to  increase  but  at  a  low  rate, 

When  the  defence  decision  planner  chooses  the  AF.W  system,  the  relative  magnitude  of  the  direct  attack 
and  st»nd-aff  threat  must  be  considered  as  well  as  the  sice  and  cost  of  the  AF.W  system. 

It  is  important  to  stress  that  ir-  these  calculations  there  are  many  factors  that  cannot  be  taken 
into  account  directly.  For  example,  it  is  not  possible  to  say  how  many  kills  by  the  fighters  would  break 
up  the  raid  and  thereby  case  the  problems  for  the  SAM  defences  or  cause  the  attackers  to  abandon  the 
attack,  or  even  what  level  of  detunce  would  deter  the  enemy  from  initiating  the  attack.  These  are  matters 
of  experience  and  judgement  that  depend  upon  the  particular  environment  of  the  study,  but  may  be  very 
important . 

S.  A  SIMULATION  OF  AE*  AVAILABILITY 

The  AEW  system  consists  of  a  medium  to  large  aircraft  combined  with  a  medium  sized  radar.  Such  a 
system  is  complex  and  any  countr>  considering  introducing  it  into  its  force  structure  must  be  satisfied 
that  it  will  be  on  station  and  operating  when  requited.  It  is  possible  to  predict  the  reliability  and 
maintainability  of  such  «  system  and  use  these  data  in  a  mathematical  model  to  simulate  the  opt .ation  of 
the  system  and  to  investigate  the  number  of  aircraft  required  to  operate  one  station  and  the  effect  of 
different  aircraft  and  radar  designs.  The  most  important  factors  that  can  be  used  as  variables  in  the 
model  are: 

(a)  The  aircraft 

(i)  speed  and  height  of  patrol 

(ii)  endurance 

(iii)  defect  rate 

(iv)  repair  time  and  manpower  required 

(b)  The  radar 

(i)  the  power  and  aerial  size 

(ii)  defect  rate 

(iii)  repair  time  and  manpower  required. 

It  is  accepted  that  reliability  is  notoriously  difficult  to  predict  and  is  continually  changing 
(improving,  one  hopes)  throughout  the  sexvice  life  of  an  equipment  or  aircraft.  Nevertheless  it  is  a 
very  important  parameter  in  any  model  seeking  to  present  a  complete  picture  of  the  defect  rates  and 
therefore  of  the  spares  and  manpower  required  to  support  any  piece  of  equipment.  The  larger  and  more 
complex  the  equipment,  the  lower  the  availability  will  be  and  the  higher  the  spares  and  manpower  re¬ 
quired.  To  provide  a  base  line  from  which  we  might  predict  future  equipment  reliability  after  one  to  two 
years  in  service,  a  comparison  was  made  between  the  defect  rates  predicted  by  a  component  count  method 
proposed  by  the  Royal  Radar  Establishment  on  current  equipment  and  data  available  from  records  of  defect 
rates  of  the  aircraft  radax  in  squadron  operations.  It  was  found  that  there  was  a  factor  of  approximately 
3  between  these  estimates,  the  actual  number  of  defects  being  higher  than  predicted.  Component  counts 
were  done  for  the  new  equipments  and  the  same  factor  applied.  Studies  were  also  made  of  various  airframe 
and  engine  combinations.  It  was  found  that  the  defect  rate  varied  directly  with  size  and  this  was  used 
to  predict  the  reliability  of  possible  future  aircraft. 

Before  these  data  could  be  used  as  inputs  to  a  model  designed  to  investigate  the  overall  availa¬ 
bility  of  the  possible  AEW  systems,  two  further  items  of  information  were  required: 

(a)  The  distribution  of  total  time  elapsed  between  landing  and  being  available  for  a  further 
sortie. 

(b)  The  distribution  of  the  occurrence  of  defects  in  flight. 

There  is  a  tendency  for  maintenance  organizations  to  adopt  a  somewhat  different  mode  of  operation 
in  war,  compared  with  that  used  in  peace-time.  In  war,  some  tf  the  defects  of  a  minor  nature  are  not 
repaired  until  an  opportune  time  and  it  is  assumed,  for  the  purpose  of  illustration,  'hat  only  the  most 
important  two-thirds  of  the  defects  are  repaired.  Figure  12-42  -.hows  the  cumulative  probability  of  the 
aircraft  being  ready  for  the  next  flight  as  a  function  of  the  time  elapsed  since  landing  fnr  sustained 
rates  of  operation  of  up  to  three  months,  This  shows  that  there  is  a  50k  probability  of  an  aircraft 
being  available  after  four  hours  and  a  S0\  probability  after  12  hours. 

The  distribution  of  occurrence  of  defects  in  flight  has  been  measured  in  trials  and  in  simulated 
flight  conditions  in  the  laboratory.  It  was  established  thst  a  large  number  of  defects  were  found  to  occur 
at.  or  just  after  take-off.  Figure  13-42  shows  Measurements  taken  at  30-minute  intervals  of  the  defects 
arising  per  half  hour.  On  a  typical  aircrjft  and  radar  system,  it  was  found  that  the  probability  of  a 
defect  occurring  is  approximately  10  times  higher  in  the  first  30  minutes  than  in  any  subsequent  half  hour. 
This  effect  is  prooafcly  caused  by  a  combination  of  factors  such  as  cwitch-on  failures,  inability  to  test 
some  equipments  adequately  on  the  ground,  failures  accumulated  after  the  aircraft  wa^  prepared  for  flight, 
the  environment  during  take-off,  etc.  The  knowledge  that  such  s  distribution  exists  is  extremely  important 
when  attempting  to  predict  the  effect  of  increasing  the  sortie  duration. 

This  information  was  then  used  as  input  to  a  Hmte  Carlo  model  of  the  aircraft  operations. 

Figuic  14-4;  shows  pictoriaily  the  flew  diagram  used.  With  this  model,  tests  can  be  made  to  show  the 
effects  of  reliability,  sortie  duration,  in-flight  refuelling,  changing  repair  philosophy,  rules  for 
allowing  scheduled  servicing,  etc. 


A  typical  output  from  the  aodel,  assuming  a  total  of  four  aircraft  are  available  to  provide  one  on 
CA!‘,  is  indicated  in  Figure  15-42.  The  probability  that  an  aircraft  wiii  be  on  station  at  height  is  called 
the  system  warning  probability.  It  can  be  seen  that  on  average,  an  aircraft  would  be  on  station  95%  of 
the  time  with  a  spread  of  possible  results  froes  85%  to  nearly  100%.  The  system  warning  probability  for 
three,  four  or  five  aircraft  available  is  shown  in  Figure  16-42  and  the  expected  values  are  about  85%, 

95%  and  97%  respectively. 

Kith  the  results  of  these  models  it  is  possible  to  examine  the  variations  in  effectiveness  and 
cost  as  a  function  of  all  the  important  parameters  governing  the  capability  of  each  size  and  power  oi 
the  AEK  systems  considered.  The  variation  in  system  warning  probability  with  the  number  of  aircraft  to 
man  each  station  can  also  be  examined. 

6.  CONCLUDING  REMARKS 

In  view  of  the  existing  weakness  in  low  altitude  air  defence  and  the  assumption  that  an  attacker 
will  always  exploit  a  weakness,  the  AEK  system  offers  the  possibility  of  detecting  the  attackers  early 
enough  to  alert  the  defences,  scramble  fighters  to  intercept  the  raid  and,  with  a  suitable  airborne 
intercept  radar  ( pulse  doppler )  air-to-air  missile  system  in  the  fighters,  provides  a  means  of  engaging 
the*  long  before  they  reach  the  target  area.  It  has  been  shown  that,  by  taking  reasonable  assumptions  of 
cost  and  effectiveness,  within  a  giver,  budget  a  fighter/AEK  mix  can  be  much  more  effective  than  fighters 
alone,  and  by  considering  the  fighter  plus  AEK/3AM  mix,  it  is  possible  to  indicate  the  variation  in 
effectiveness  of  the  defences  as  a  function  af  AEK  range.  There  is  obviously  a  wide  spectrum  of  possible 
solutions  to  the  requirement  for  the  AEK  system  in  terms  of  both  the  aircraft  and  radar.  The  relative 
advantages  and  disadvantages  of  .ch  solution  can  be  investigated  by  means  of  the  defence  models  and  the 
availability  studied  by  means  of  the  simulation  of  the  operation  of  the  various  AEK  solutions. 

If  the  addition  to  the  defences  of  an  AEK  system  gives  such  a  large  increase  in  the  defence 
effectiveness,  will  not  the  enemy  make  it  a  priority  target  and,  therefore,  can  it  be  of  any  real  value? 
This  question  must  be  asked  by  any  country  considering  its  introduction.  The  enemy  may  attack  it  in 
ways;  firstly  by  electronic  warfare  and  secondly,  by  physical  attack.  Against  the  jamming  threat, 
countermeasures  such  as  frequency  diversity,  etc.  can  be  built  into  the  AEK  radar  and  the  capability  of 
the  enemy  can  be  degraded  by  changes  in  physical  deployment  such  as  position  or  height  when  these  are 
possible.  Kith  reference  to  physical  attack,  the  AEK  is  not  an  easy  target.  It  is  deployed  within  a 
defence  system  and  is  in  the  best  position  to  know  when  and  if  it  is  likely  to  come  under  attack. 

It  can,  of  course,  use  AI  or  missile  jammers  to  defend  itself.  Every  situation  requires  a  separate 
examination,  hut  an  investigation  of  many  of  these  possibilities  leads  to  the  conclusion  that  these 
arguments  do  not  negate  the  significant  advantages  in  favour  of  deploying  such  a  systea. 
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Fig. 4  Limited  CAP  operations  by  two  fighters 
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Fig. II  Variation  in  defence  effectiveness  with  AEW  range 
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Fig.  13  Distribution  of  defects  in  flight 


Fig. 14  Typical  aircraft  cycle 
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Fig. 15  Probability  of  being  on  station  -  4  aircraft  available 
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Paper  No.  1.  Radar  Sea  Saturn  in  High  Wind/Wave  Conditions 
bjr  tf.  W.  Guinard  and  J.  R,  Sansose  Jr. 

MS.  J.  FREEDMAN:  How  well  doss  the  nodel  proposed  predict  perfonannee  at  low  angles  of 

incidence?  Does  tno  independence  of  the  back  scatter  of  wavelength  still 
obtain  at  low  angles  of  incidence? 


MR.  N.  QUINAPJD:  The  model  has  not  been  verified  for  shallow  grazing  angles  o.er  the  sea. 

Some  laboratory  experiments  have  seen  performed  on  sinusoidal  and  slightly 
rougn  planrr  surfaces  which  indicate  that  tne  moael  is  valid  for  these 
scattering  surfaces.  We  have  very  recently  conducted  snallov  angle  studies 
over  the  open  ocean  whicn  should  shed  more  light  on  the  validity  of  the 
model  at  low  angles.  The  wavelength  dependence  at  low  angl'-s  n as  to  ay 
knowledge  never  been  measured.  We  hope  to  increase  the  power  output  of  the 
UrR  systeu.  If  this  is  done  we  Kty  be  able  to  determine  it  over  our  range 
of  wavelengths. 


MR.  P,  BRADS ELL:  Does  the  clutter  model  lead  to  an  asymptotic  form  of  grazing  incidence? 

This  is  important  in  assessing  performance  of  sea-searen  radars. 

MR.  N.  GUI HARD:  If  the  model  is  weighted  with  the  probability  distribution  of  ”A  new  model  for 

sea  clutter"  referenced  in  our  paper,  such  an  asymptotic  form  may  be  found. 

The  use  of  a  maximum  slope  condition  should  of  course  be  used. 


Paper  No.  2  An  Experimental  Study  of  Some  Clutter  Characteristics 
by  M-  P.  Warden. 

HR.  G.  HANSON:  The  purpose  of  experimental  rese***ch  is  to  provide  data  from  which  target 

signal  to  clutter  ratio  can  be  i  -07ed,  I  presume.  Can  the  interesting 
ground  data  results  described  be  trapolated  to  apply  to  airborne  radar 
performance  at  distances  for  whic>.  the  incident  angles  are  very  oaall? 

MR.  M.  WARDEN:  The  unprocessed  clutter  results  cannot  be  readily  extrapolated  to  give  the 

information  you  require  of  the  aen-Stationarity  of  the  time  series  of 
signals.  It  would  be  interesting  to  see  the  results  of  subti-acting  the 
time  varying  mean  from  the  signal,  as  discussed  in  the  paper,  compared  to 
measurements  mads  with  an  airborne  radar. 


H*per  No.  4  Sjxze  Measurements  of  Rcdar  Angels  (Fatlse  Radar  Targets) 
by  W.  Fishbein,  S.  Frost  and  w.  £.  Vander  Heer. 

IS.  T.  K.-I3TSR:  I  would  like  to  comment  oa  your  remarks  concerning  fig.  T3  of  your  paper 

shewing  two  dopplor  peaks  for  wind  blown  rain  during  a  period  of  20  seconds, 
we  have  tried  to  show  in  o\r  paper  (paper  3  of  this  conference)  that  the  line 
shape  of  the  dcppler  spectrum  of  rain  clouds  need  not  be  gauscian  and  depends 
on  the  wind  profile  prevailing  at  the  time  as  well  as  on  the  radar  parameters, 
the  heigrt  of  the  cloud  and  its  distance  from  the  radar.  In  my  opinion  it  is 
conceivable  that  wind  profiles  are  stationary  for  a  period  of  20  seconds. 
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liiper  No.  b  ooee  Xeasur em».-»t«  of  ue  itffeota  of  Frequencj  Ability  on  Aircraft  rtadur  tieturns 
tiy  j£ .  ..  Whitlock,  A.  H.  Jhepnerd  anc  A.  L.  0.  <,uigloy. 

DK.  A.  diHACAn'.:  I1:'.  Whitlock  slated  that  his  measurements  do  not  seem  to  a,  rce  wit\  theory, 

wmoii  (redicls  tnat  l..e  frequency  junp  necessary  for  decorrelation  derenis  on 
target  sire.  ictually,  a  aore  precise  statement  «uuld  bo  tnat  tr.c  frequency 
jump  defends  on  ti.e  rango  -!rread  frr  the  'sseat  al  scattering  centers  of  the 
target.  I  an  sure  tint  re-cxamination  of  his  results  from  tills  point  of  view 
would  show  agreement  with  theory. 

DU.  W.  WHITLOCK:  .Soar  published  tiieories  assume  ?  wide  distribution  of  ..cattersra  over  tne 
aircraft,  out  tins  is  not  realistic  as  Dr.  '-Uhaccek  implies,  for  in  general 
tnc  dominant  scntterers  will  be  grouped  within  tne  physical  extremis  of  the 
aircraft.  Nevertneless  it  was  anticipated  that  aircraft  of  very  different 
aists  should  show  differing  behaviour  to  frequency  agility  but  tfo  experimental, 
study  failed  to  resolve  this  difference. 

MH.  P.  3SAD32LL!  Does  your  work  give  a  value  in  decibels  for  too  improvement  in  detectability  of 
an  aircraft  due  to  frequency  agility? 

Were  any  of  the  observations  made  in  rain  clutter?  What  was  the  effect? 

US.  V.  WiilTLCCK:  a)  Insufficient  data  nas  been  accumulated  to  make  a  quanlntive  statement  on 
improvement  in  detectability. 

b)  As  t.-.e  inter-pulse  period  of  the  radar  was  long  compared  with  the  natural 
decorrelation  time  of  rain  clutter  it  was  not  appropriate  to  carry  out 
frequency  agility  measurements.  However  other  workers  have  demonstrated  that 
tne  reciprocal  pulse  length  rule  applies  to  rain  clutter. 


Peper  He.  11  Integrated  Subsystems  on  Composite  Substrates 
by  M.  Leake,  P.  Host  and  H.  J.  Schaitt. 

DB.  D.  PAGS:  How  do  tne  mechanical  properties  of  these  substrates  compare  with  conventional 
substrates?  A-e  they  aore  britlle? 

DH.  H.  SCHMITT-;  Ferrites,  and  also  composite  ferrite  substrates  are  more  brittle  than  A1J), 
substrates.  Mechanical  shock  tests  have  not  yet  been  made,  however. 
Mechanical  processing  like  polishing,  drilling  etc,,  is  much  easier  than  for 


HH.  2.  ALFANDARI:  Arez-rour  rencontre  des  difficultes  pour  la  reproduction  en  grand  i.ombre  de  ce 

type  de  dephaseiirs  a  ferrite? 

DS.  H.  SCHSITT:  From  experience  with  similar  ferrite  devices  we  would  expect  excellent 

reproducibility  of  material  properties.  Oily  snail  numbers  cl  integrated 
digital  phase  shifters  have  been  made  so  far  for  laboratory  purposes. 

MH.  J,  fRSSDKAH:  What  i3  your  estimate  <>f  the  cost  of  such  phase  shifters  when  reproduced  in 
quantity? 

OH.  H.  SCMITT:  Uae  price  will  a'rongly  depend  on  quantity.  Because  of  easier  machining  and 

processing  it  should  be  competitive  with  all  other  ferrite  phasing  schemes. 


ft»p*r  Ho,  It  Pattern  Compression  by  Space-Time  Binary  Cooing  of  on  Array  Antenna 
by  S.  Drabowitch  and  C.  Aubry. 

HH.  H.  GHAHAM:  Wi*h  a  conventional  phased  array  which  uses  single  bit  (0°  or  '160O)+phC9r 

ehiltersc  if  the  residual  phase  errors  are  randomly  spread  between  -  9^  ,  the/- 
is  a  loss  of  gain  of  3.9  d3. 

With  the  binary  coding  techniquws  tne  1  *  gain  is  o&ly  3  d3. 


Would  Dr.  Oraoowitch  care  to  comment? 
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DR.  DXABCWirCH:  Dans  un  reaeau  claseique  a  1  bit  avcc  dispersion  erratique  dea  lobes 

parasites,  la  perte  de  gam  eat  3,9  aB  aaia  la  perte  xllcr-retour  cat  doublses 
elle  atteint  4.8  d3. 

Dans  un  reaeau  a  couogj  periodique,  la  perte  en  sain  est  environ  3  d3  ms  is 
1 ’existence  de  deux  lobes  rrineipnux  cermet  de  doubler  le  teop3  de  ccaure  aur 
un  euno.  cc  *(ui  f£i  l  qui-  is  ; .-J  . 1-  r.llcr-rctour  "»'cct  quo  do  3  dH  . 


Fapcr  Mo.  15  Flood-lighting  with  Mvquist  Sate  Scanning 
by  A.  K.  Edgar  a"d  7.  1.  Jones. 

MS.  H.  VOLEJ:  I  should  first  of  all  iKe  to  take  tno  opportunity  to  congratulate  yourself  and 
Mr.  G.  F.  Clark.'  on  inventin.  such  a  novel  and  intriguing  radar  principle.  I 
an  sure  teat  it  will  find  tany  applications. 

I  wonder  wnetnwr,  i:  it  does  not  involve  goi>.t  into  too  much  detail,  you  could  say 
u  few  words  about  too  r.i.;n?i  processing  you  would  employ  w.nen  tne  system  is  made 
to  incur  -orate  pulso  ce« rossion. 

K3.  A,  IkXjaK:  The  bean  sc.m.iin  •  process  say  oe  considered  as  tne  Fourier  transformer  of  tne 

nodulated  si.  naln  from  tne  array.  Vfitn  pulse  compression  the  scanning  modulation 
must  of  course  be  mitened  to  tut  si-nal  bandwidth  and  the  suctequent  addition  in 
a  dioi-ersive  filter  designed  for  the  final  output  bandwidth  will  provide  a  signal 
tine  code  ,-ivn  range  and  bearing.  I  would  like  to  emphasise  .hat  we  n.tve  not 
made  any  ex  erin.ni Lai  equipment  f'-r  handlit'.-  this  type  of  signal  and  also  to  note 
tout  Inc  final  ai.v.-tl  uandwidtb  will  be  fl  ti.  .as  greater  tuan  the  input  waveform 
Decause  of  t:.e  hi  speed  scan  -  as  in  the  system  I  described  in  the  paper. 


Paper  ;lc*  1?  Tfce  linear  ‘rray  for  3eaa  Jtoering 
by  3.  Reitzig. 

HR.  3.  SvIMASD:  Is  the  speaker  aware  of  the  extensive  work  beirv  done  by  Ere.  Karstcn  and 

arown  -t  IIS:RL.  They  nave  bsen  working  for  e  number  of  years  in  the  design  of 
feeding  networks  for  cylindrical  array  or.teanas  with  mini-turn  mutual  coupling. 

Dh.  R.  3EI7ZIG:  I  am  afraid,  no,  I  don’t  know  the  work  the  gentleman  you  mentioned  have  been 
performing  on  minimising  the  element  coupling  through  the  feeding  network, 
however,  I  should  very  much  apcreciato  if  vou  could  trigger  off  -a  mutual  exchange 
of  rnci-e  detailed  information  on  this  matter. 


Paper  !la.  18  Microwave  3.S.  Power  Sources 
by  P.  Sterzer. 

153.  P  B3ADSEU.:  What  is  the  capability  of  these  transistor  and  transferred  electron  devices  in 
the  pulsed  regime? 

!!3.  F.  STEIZaS:  The  maximum  power  output  of  t.ie  pulsed  transistor  aoolifiero  is  in  some  cases 

2  or  3  tines  as  high  as  fcivifc  of  CV  amplifiers.  The  difference  between  the  maximum 
power  output,  of  pulsed  and  CW  transferred  electron  devices  can  be  as  high  as  i  or 
2  orders  of  cwgnitude..  At  C-band  frequencies,  for  example,  the  highest  CW  power 
output  from  transfe-red  electron  oscillators  are  currently  approximately  1  watc, 
while  the  highest  pulsed  outputs  (at  a  few  per  cent  duty  cycle)  are  cf  the  order 
of  40  watta.  The  hignest  power  outputs  obtained  to  date  with  pulsed  transferred 
electron  amplifiers  are  several  watts  at  C-band  frequencies  witn  an  efficiency 
of  6*. 


TtT’ircnf’T? 


pBf*r  ‘!o.  20  llgbtweigiit  ib  nod  Array  Sy-iteos  fur  Airborne  uni  Ground  Air.ed  Applications 
by  V-  .iiniiHon. 

MX.  il.  V'libi:  (  see  fron  tfio  i (i l r  i  »cti"  to  you’.*  paper  cr.at  you  wore  ainin.:  at  a  be&c  pointinc 

accuracy  of  1/iO  of  a  beanwidth.  Could  you  sav  whether  you  had  to  take  any  special 
precautions  to  allot;  for  tne  differential  heating  of  the  array  and  over  what 
temperature  range  yo,  acniev.d  th"  required  result? 

And,  seccuuly,  could  .,ou  kindly  say  way  as.  airborne  weatacr  radar  is  a  candidate 
for  electronic  beat:  steering? 

MX.  H.  oIKl'sCH:  The  oajr.r  problem  with  temperature  is  provided  by  the  variation  in  phase  vs 

temperature.  Deferential  phase  compensation  is  provided  very  effectively  by 
tn«  use  of  the  flux  transfer  drive  principle  in  the  ferrite  phase  shifters. 
Insertion  phase  control  is  best  obtained  by  maintaining  the  antenna  phase  shifter 
array  at  a  uni  fora  temperature  by  the  use  of  circulating  air  or  liquid. 
i»t’.3factory  antenna  performance  cun  be  obtained  over  a  temperature  ranee  of 
-  itO°F  to  ♦  15b  F. 

the  use  cf  the  particular  Mitenna  with  a  weather  radar  was  due  to  the  desire  for 
a  rapid  airborne  evaluation  with  an  operational  radar,  namely,  the  AT/APN-158 
Jysten.  the  antenna  was  intended  to  be  ex:<anded  at  a  later  date  to  accomplish 
more  functions  such  as  Terrain  Clearance  and  Terrain  Avoidance. 

MS,  A.  LSatHOOTS:  a)  Tne  application  of  space-feed  in  tne  linear  arrays  which  have  been 
described  introduces  phase-difference  between  radiating  elements  due  to 
the  unequal  pitulengths  for  the  electromagnetic  waves.  Is  compensation  for 
this  undesired  phase- trift.  obtained  by  hardware  01*  by  including  numerical 
corrections  in  the  computed  phase-settings? 

b)  Could  tne  application  of  sub-arrays  be  considered  in  the  described  linear 
antenna  systems? 

MS.  M.  SIHPiON:  a)  Compensation  for  the  cylindrical  phase  front  is  provided  by  preetored  phase 
compensation  as  a  function  of  frequency. 

b)  Sub-arrays  could  he  employed  where  there  is  some  advsntage  to  be  gained. 
Examples  of  tnis  are  very  long  arrays  which  use  sub-arrays  with  time  delay  control 
in  order  to  increase  instantaneous  bandwidth.  Another  example  is  the  use  of  sub¬ 
arrays  fed  by  separate  power  amplifiers  in  order  to  increase  overall  system  power 
and  reliability. 

M3.  3.  30LDBGHM:  1,  Could  you  elaborate  somewhat  on  tne  way  tracking  was  organised? 

2.  How  did  you  approacn  the  problem  of  mutual  coupling?  Were  the  elements 
measured  in  tne  environments  of  similar  elements  or  did  you  calculate  the  effect? 

MX.  K.  SIMPSON:  1.  A  dual  primary  feed  is  inserted  in  the  apex  of  the  parallel  plate  space  feed. 

The  dual  feed  is  fed  by  a  hybrid  to  provide  in-phase  sum  pattern  and  oat-of-phese 
difference  pattern  illumination  of  the  rear  face  of  the  aperture. 

2.  The  element  patterns  were  measured  in  an  array  environment  as  well  as  in  a 
waveguide  simulator  to  evaluate  mutual  coupling  effect. 


Paper  No.  22  Radar  de  Poureuite  a  Grand  Pouvoir  ooparateur  en  Distance 
par  K.  G.  Forestier  i-t  M.  Chevalier. 

23.  A.  KIHACZ5X:  The  speaker  slated  that  tne  processing  principle  under  discussion  applies  fer 
tracking  radar.  It  applies  more  generally  to  search  radar,  but  it  is  necessary 
to  provide  parallel  channels  to  the  extent  that  tne  time -bandwidth  product  is 
reduced  by  correlation  (as  with  any  correlator).  Such  a  system  is  entirely 
practical. 

MX.  K.  FCHSoTIiX:  I  agree  with  you r  statement  but  from  the  economical  point  of  vis**  i  think  that 
the  processing  principle  exposed  applies  pretty  well  fer  tracking  radar  where 
,--nly  cne  channel  is  necessary  in  correlation  or  more  generally  three  channels 
in  case  of  monopulse  application . 


Paper  Ko.  23  Low  Distortion  Dispersive  Networks  for  Wideband  Signal  Processing  Systems 
by  F.  a.  Herring,  P.  M.  Kreneik  and  A.  J,  Axel. 


NR.  A.  RIHACZfX:  Would  the  speaker  please  comment  on  the  problem  of  maintaining  the  sidelsbes  at 
-40  dB  under  operational  conditions,  and  on  the  possibility  of  further  reducing 
the  sidelobe  level  for  this  particular  approach. 

HR.  Q.  HERRING:  It  is  difficult  to  obtain  a  40  dB  sidelobe  level  and  a  simple  analogy  is  that  of 

retaining  a  40  dB  carrier  balance  in  a  balanced  modulator.  Whether  a  40  dS  carrier 
level  can  be  maintained  under  operational  conditions  depends  on  the  type  of  radar. 
For  tactical  or  field  radars  which  oust  operate  over  a  wide  range  of  environmental 
conditions  with  a  minimum  of  maintenance,  it  would  be,  in  most  easea,  impossible. 
However,  for  large,  ground-based,  instrumentation  type  radars  which  operate  in  a 
controlled  environment  and  have  maintenance  on  a  daily  or  weekly  basis,  a  40  dB 
operation  level  is  entirely  practical.  This  is  particularly  true  if  tne  receiver 
processor  contains  an  adjustable  traosve-sal  equalizer  which  can  be  used  to 
compensate  for  ..low  changes  in  the  electrical  characteristics  due  to  time  (aging), 
temperature,  or  variations  in  operating  conditions.  To  reduce  the  slaelobes 
furtuer  than  40  d3  would  result  in  a  substantial  increase  in  equipment  cost  and 
complexity. 


MR.  P,  BRAD3ELL:  What  are  the  important  parasitic  quantities  in  the  type  3  network? 

HR.  G.  HERRING:  Two  important  parasitic  quantities  are:  (I)  the  discontinuity  which  exists  at 

the  shorted  end  of  the  line  and  (2)  the  discontinuity  which  exists  at  the  Input 
and  output  dua  to  the  transition  froffi  a  (constant-impedance)  coupled  line  tc  a 
(constant-impedance)  single  unbalanced  line  to  ground.  The  first  discontinuity 
can  be  partially  compensated  by  the  addition  of  a  capacitive  tab  extending  past 
the  short.  The  second  can  be  partial] y  corrected  by  tapering  the  transition  from 
a  single  to  &  coupled  line. 


Paper  Ns.  25  Switched  Capacitor  Storage  Arrays  for  A.M.T.I,  and  Bandwidth  Compression 
by  D.  S.  Harris. 

HR.  J.  FRESHMAN :  1.  What  was  the  tolerance  required  in  selection  of  the  capacitors? 

2.  How  much  additional  weignt  and  volume  would  be  required  to  introduce  more 
conventional  bandoass  filters  following  tne  gatirg  rather  than  the  capacitor 
subtraction  method  used? 


HR.  B.  EIRRIS: 


MR.  R.  VCL2S: 


NR.  D.  HARRIS: 


1.  Cancellation  ratio  is  not  affected  by  capacity  as  tne  subtraction  of  returns 
is  carried  out  on  «  single  capacitor  within  each  olot^  However  slot-to-slot  ripple 
is  affected  by  capacity  tolerance  anti  a  tolerance  of  -  2A  was  selected.  Generally 
clot-to-slot  ripple  io  be' ter  than  30  dB  below  signal  level  stored  in  the 
capacitors. 

2.  This  question  ic  a  little  difficult  to  give  a  factual  answer  to  as  I  have 
very  little  experience  in  the  packaging  of  range  gate  filters-  However  i,.e 
capacitor  storage  technique  packs  twelve  stores  in  a  volume  of  0.?5  cubic  inch. 
Modern  techniques  and  the  use  uf  active  filters  cay  will  give  a  comparative 
system  in  weight  and  volume. 

The  module  that  you  have  described  is  most  versatile  and  is  likely  to  find  many 
applications.  I  -or  -!r,  therefore,  whether  you  propose  to  translate  the  fora  of 
construction  free  Cordwood  to  HSI  or  LSI? 

T..e  Cordwood  technique  was  used  to  er.-.-.blt  the  experimental  systea  to  be  built  es 
oinply  as  posoiole  and  to  enable  component  tolerances  and  characteristics  to  be 
selected  as  required.  Future  production  nay  well  use  thick  film  technology  rather 
then  MSI  or  LSI  wnero  cost  could  be  fairly  high. 


Piper  No.  2i> 


Hethode  de  Traitemer.t  Digital  :e  Signaux  Honopulse  en  Presence  de  Clutter 
par  H.  G.  P.  Forestier, 


ES.  T.  KESTSR: 


Veus  venaz  de  decrire  un  cystime  de  suppression  de  i 'echo, fixe  base  sur  une 
triangulation.  Comment  ce  systems  se  co*porte-t-il  r-n  presence  de  clutter  nyant  un 


an  sjtctre  des 


sjfctrc  .'.vc'  xi>-  ra.<?  Je  ti>ppl<?r  J'ur.e  lnrgiu.1  nor)  nul?  ,V  sur.:-v 
"it.--  .  f.'.'rir**jr-  !o  "line  •  exe2."le* 

n<.  •  .  ?I_<:  Lo  a"aie .■  *~c  ■■  :•>  cxacioT>-r.'  comae  an  XTI  cl  <sni'u».  Une  compensation  do 

v:  ‘.esje  -rye'.—*  i.*  nu  e  t  oumutab!-  ■?*.  ; e  <•; ro  mtrcduite  on  decslmt 


:xiyrr  *lo.  2Q 


-Systeoo  Treitors.-nt  rijocx 
viteoje  Sxdiftjo  Jos  Cities 
car  K.  J,  Ju"ven. 


Aid  ir  JoRvreat  pour  1  >  distance  er.  la 


!*R, 


HR. 

cibies  situeos  a  la  rre~~  distance  ont  doa  fro  i- o  cop.  Dopoler  *  li  different 
d'un  multiple  de  la  frequence  ae  re:etition  de  jrobubilite  de  cot  evene-cnt 
-st  tres  faible. 

2.  u'errour  aur  la  closure  do  pr  ise  depend  du  rap;  or  t  signal  sur  bruit  et  du 

noabre  total  d'aabiguites  pu’il  et*  possible  de  rescudre,  done  du  rapport  </"f 
''r.e  probabiiitc-  de  creaure  exaete  sui'fisante,  peut  etre  o'otenue,  avec  an 
rapport  signal  sur  bruit  de  15  d3  apres  integration  et  pour  un  raj  port  T/f 
de  20,  correspcndaat  «  20  ambituitea. 


J.  COLIN:  t.  j'er.ct .onr,i.-<-.v  --rcse  c*  de  deux  cibles  *iciies. 

Rapport  sir:  a!  aur  bruit  ~ini"iu"!  i.our  1*  ver  1 'a-tbiguite  de  v  tense . 

J.  JIRVEN.  1.  be  svste-ie  fait  une  erre  .r  i«as  1 •  t  ion  de  1  i  vstes-'e  radiate  si  deux 


Paper  Mo.  33  Operational  rbpicycent  and  Detection  Performance  of  .dvanced  Computer 
Controlled  Radar  systems  (Abstract  only  ) 
by  J.  A-  Sijvoet. 


MR.  C.  MtJES:  What  dlfferenceo  would  it  make  in  your  analysis  of  search  and  track  using  phased 
«T«ys  if  multiple  beam  antennas  were  available  which  could  provide  sceral  beams 
in  apace  at  the  same  time? 

MR.  J.  SIJVOET:  The  use  of  multiple  beam  antennas  would  proportionately  reduce  the  search  time. 

However  this  does  not  change  the  basic  vgunent  since  such  a  3ystea  can  be 
considered  as  a  number  of  parallel  systems  requiring  a  multiplication  of 
transmitters  and  receivers  and  a  more  complex  antenna. 


Paper  No.  3*»  Digital  Plot  Extraction  of  Pri  -ary  Radar 
by  H.  H.  A.  Smith  and  I.  H.  Jackson. 

13R.  E.  HAM1B:  From  what  reference  did  you  get  your  Figure  2?  I  think  that  the  threshold  ®uat 

b«  proportional  to  the  mean  value  of  tne  clutter  amplitude  and  not  logarithmic  aa 
ah  own  In  your  Figure.  Do  you  have  any  practice  oa  thio  subject? 

MR.  H.  3tITH:  The  questioner  is  perhaps  mistaken  as  to  the  implications  of  Figure  2.  It  refers 
to  the  second  detection  threshold,  rather  than  to  aa  initial  quantizing  level,  and 
is  obtained  m  follows:-  assume  the  clutter  tit  density  over  the  chosen  area  to  be 
randomly  distributed.  With  the  window  size  and  a  desired  probability  of  false  plot 
rate  as  constants  TJ.  is  then  given  via  the  Binomial  Probability  Distribution 
function  given  below  where  p  a  clutter  sum  achieved  divided  by  the  maxi-tun  possible 
clutter  sua.  Although  this  relationship  usstues  random  clutter  hit  distribution 
extensive  field  trials  have  shown  that  the  calculated  functions  preserve  the 
chosen  PTA  to  better  than  an  order  of  magnitude,  irrespective  of  actual 


DP 


clutter  distribution. 


ri . 

r  n. 


Taper  Ho.  38  Uigifttl  Radar  Piet  Extractor  -  i  System  Module  of  an  Automatic  Air 
“Traffic  Control  System 
i>y  H.  Ebert  and  U.  Siegen thaler. 

MR.  P.  BRADSS1X:  1.  Present-day  oysters  have  circuits  giving  CFAR  at  the  first  threshold  for, 

say,  rain  clutter.  Hiey  also  have  adaptive  control  of  the  second  threshold  to 
give  constant  false  alarm  rate  in  plot  detection.  In  your  opinion  is  th,  “  an 
optimum  balance  between  the  effectiveness  of  tneee  actions? 

2 .  With  regard  to  the  3ean-acan  Ktl, 

a)  is  there  a  threonoia  of  velocity? 

b)  what  type  of  clutter  ia  it  intended  to  remove? 

3.  Cold  you  make  a  comparison  between  tne  method  of  associating  primary  and 
secondary  rariar  plots,  and  associating  primary  and  secondary  track  data  ir.  the 
computer? 

DR.  H.  EBERT:  1.  Ia  ay  opinion,  CFAR  circuits  at  the  1st  threshold  and  present  day  systems  of 
control  of  the  2nd  threshold  {such  as  the  clutter  eliminator  described  in  the 
abstracts)  cannot  be  cornered  directly.  A  CFAR  is  principally  suited  to  reduce 
false  alarm  probability  without  a  remarkable  loss  of  sensitivity  (for  instance, 
the  6ystea  described  in  the  abstracts  has  a  meesured  loss  of  sensitivity  of  about 
0.8  db).  But  on  t.he  other  hand  CFAR  is  not  suited  against  clutter  of  high 
corr*-i^ tion  ir  azimuth  direction  (for  instance  angels)  because  it  does  not  use  the 
in: creation  of  several  subsequent  radar  periods.  The  clutter  eliminator,  on  the 
other  hand,  uses  information  of  aeversl  radar  p<  ri ids  and  is  therefore  able  to  cope 
with  correlated  clutter,  but  by  setting  the  2nd  threshold  to  higher  values, 
sensitivity  is  lost.  Hie  best  way  would  be  to  have  a  system  combined  with  the 
lot  threshold,  which  is  able  to  cope  with  correlated  noise  without  remarkable  loss 
of  sensitivity.  Cne  solution  (as  proposed  by  EC)  could  be  to  digitize  pulse 
amplitude  and  to  analyze  the  neighbourhood  of  every  "hit  in  process”  for 
correlation  -  of  course  a  very  expensive  solution. 

2.  The  Scan  KTI  is  an  attempt  to  cope  with  angle  echoes.  A  fixed  area  (as 
described  in  the  paper,  and  whose  edge  length  can  be  adjusted)  is  defined  and  a 
target  is  declared  as  m  fixed  target,  if  it  does  not  escape  this  area  during  the 
nest  antenna  revolution.  This  may  be  in  some  way  y  threshold  of  velocity. 

Praxie  oust  prove  whether  the  intended  effect  is  reached. 

I 

3.  In  tne  pl'it  •xtrao  ccr  the  associate  a  of  F H  and  SSR  is  done  merely  cn  tne  basis 
of  target  location.  (If  a  PR-  and  an  SSR-  target  are  in  adjacent  range  increments 
and  overlap  la  ns-ruth  direction).  The  advmiage  is  'n  reducing  the  data  flow  to  the 
tracking  crcvjtai  in  the  At  .--center  via  the  telephone  lice: .  (It  is  expected  that 
most  of  the  real  targets  can  be  correlated  by  this  method  under  normal  radar 

condi t-1  o'-, }  As  for  she  tracking  process,  tracking  of  "combined ’’  (i.e.  correlated) 
targets  eta  be  do -r  on  an  SSR  tracking  basis,  which  needs  a  less  sophisticated 
program  than  PR  tracking  normally  does.  Therefore  some  amount  of  computer  work  can 
be  spared. 

NR.  N.  SMITH:  His  functions  carried  out  within  the  “clot  information  process  computer*  are  in 
other  ry stems  carried  out  either  by  special  nerdware  at  the  radar  ai te  or  in  a 
computer  at  the  centre.  Could  Hr-  Ebert  please  give  the  reasons,  which  in  his  view 
lead  to  the  use  of  a  computer  at  the  radar  site? 

DR.  H«  EBSJT:  Hie  sain  reasons  for  a  computer  for  plot  information  processing  rather  titan  a 
special  hardware  era: 

1.  Special  wishes  of  the  customer  for  plot  information  processing:  connection 
to  3  different  ATC-centers  which  get  different  data,  Scan  KTI,  sophisticated 
on-line  test  system,  cap  control  of  plot  detector,  etc. 

2.  Flexibility  of  system  with  respect  to  subsequent  wishes  and  growing  experience. 

3.  Lower  development  costs  for  softwaje  instead  of  hardware  for  an  equipment  of 
which  only  »  wall  cumber  will  be  built. 

A  cocputer  in  tne  ATC  center  cannot  be  used  Because  the  data  flow  from  the  plot 


detector  fcr<>t,p  to  t..-  eoaputor  in  random,  i.e.  on-line  with  incoming  radar 
inf  ~n  <»  snail  tie  .ay  wi.nin  tne  plot  dt-tcctor  neglected). 


Paper  Ho.  '/)  Rudttr  -  .»r.  rit;*r .Rental  .‘Joise-ifadar  jystem 
by  J.  Sait, 


Vri.  H.  VCH  STSI.'I: 


D:  Would  you  ee  so  kind  to  give  sene  detailed  information  concerning  your 

correlator  C«::-tlog;  digital,  upper  frequency  limit)? 

InCi-rtation  about  tne  correlator  as  used  in  our  experiment  is  given  in  tne 
ap.iend.x  s-d  in  fig.  a,  6,  8  and  10  of  the  paper,  K s  you  will  see  it  is  an 
analogue  envelope  tort  el fit or.  The  maximum  bandwidth  of  the  correlator  ~s 
40  MMs.  "This  bandwidtn  is  centered  around  tne  local-oscillator  frequency  f 
(?ig.  4).  In  our  case  this  frequency  could  be  shifted  -  4tX<  K!!s.  For  other 
r.f.  circuitry  tats  wo.il  be  different. 


Paper  No.  40.  Cfcafcscle  Warning  Radar  for  Helicopters  by  Mr.  G.  Csllot. 


HR.  C.  K.  STEWART: 


K3.  G.  COLLOT: 


1 )  What  was  used  to  measure  the  velocity  vector  of  the  helicopter  in 
elevation  plana. 

2/  What  was  the  operational  experience  with  this  radar  and  particularly  the 
pilot's  feelings  about  flying  for  long  periods  on  a  display  which  needs  considerable 
interprets tlen. 

1)  A  doppler  Radar. 

2)  The  longer  period  was  1$  hours  with  window  curtains  down,  and  witn  a  sortie 
previously  prepared  -  the  pilot  said  that  the  orders  were  easy  to  follow  and  the 
course  wasn't  too  tiring. 


Paper  No.  42  A  Coot  affect: venees  Study  of  the  Airborne  Shrly  Warning  Aircraft  an  an 
Integrated  Part  of  Air  Defence  Systems 
hy  T.  H.  Kerr. 

MS.  SISV3J:  Sfne  purtee  de  I'ordre  de  IpO  NM  semble  ^t re  n.ccysciro  pour  un  system©  AEW. 

Cette  portae  peut-elle  r'.re  obtenue  si  lc  terain  ect  accidents  et  si  1'e.neoi 
utilise  le  relief  eviter  d’etre  detecte. 

MS.  T.  KKHS:  We  have  investigated  t:as  possibility  in  s  lumber  of  areas  of  the  world.  Ir.  only 

&  oral!  proportion  of  these  areas,  is  it  possible  for  the  low  flying  aircraft  to 
take  advantage  of  the  cover  provided  by  terrain.  Generally  the  penetration 
achieved  is  snail  and  as  far  as  can  be  seen  it  does  not  unduly  degrade  tha  warning 
provided  by  the  eoriy  warning  system. 


